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UDQJH�IURP�������WR�����QJ��

,QWURGXFWLRQ

6LQFH� WKH� XVH� RI� PRVW� RI� RUJDQRFKORULQH� SHVWLFLGHV� ZDV

SURKLELWHG� GXH� WR� WKHLU� KLJK� WR[LFLW\� DQG� VORZ� GHJUDGDWLRQ

UDWH��UHODWLYHO\�¦VKRUW�OLIH§�RUJDQRSKRVSKRUXV�SHVWLFLGHV�DQG

FDUEDPDWH�SHVWLFLGHV�KDYH� UHSODFHG� WKRVH�¦ORQJ�OLIH§�SHVWL�

FLGHV�LQ�DJULFXOWXUH���0HDQZKLOH��WKH�LQFUHDVLQJ�XVH�RI�FDU�

EDPDWH� SHVWLFLGHV� LQ� DJULFXOWXUH� GHPDQGV� GHYHORSPHQW� RI

KLJKO\�VHQVLWLYH�DQDO\WLFDO�PHWKRGV�IRU�WKH�GHWHUPLQDWLRQ�RI

WUDFH�OHYHO�UHVLGXHV�RI�WKHVH�FRPSRXQGV�LQ�IRRG�DQG�GULQNLQJ

ZDWHU��*DV�FKURPDWRJUDSK\��*&��ZLWK�DSSURSULDWH�GHWHFWLRQ

V\VWHPV� VXFK� DV� IODPH� LRQL]DWLRQ�GHWHFWRU� �),'��� QLWURJHQ�

SKRVSKRUXV� GHWHFWRU� �13'��� DQG� PDVV� VSHFWURPHWU\� KDV

EHHQ�ZLGHO\�DFFHSWHG�DV�D�UHOLDEOH�PHWKRG�IRU�WKH�DQDO\VLV�RI

RUJDQRSKRVSKRUXV� SHVWLFLGHV����� +RZHYHU�� DQDO\WLFDO�PHWK�

RGV�IRU�FDUEDPDWH�SHVWLFLGHV�KDYH�EHHQ�UDWKHU� OLPLWHG��7KH

WKHUPDO� ODELOLW\� RI� PRVW� RI� FDUEDPDWH� SHVWLFLGHV� SUHYHQWV

WKHLU�GLUHFW�DQDO\VLV�XVLQJ�*&�������$�IHZ�FRPSOLFDWHG�GHULYD�

WL]DWLRQ�PHWKRGV�KDYH�EHHQ�GHYHORSHG�WR�RYHUFRPH�WKH�WKHU�

PDO� ODELOLW\����� +LJK� SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\

�+3/&��FDQ�RYHUFRPH�WKH�WKHUPDO�ODELOLW\��EXW�WKH�ODFN�RI�D

VHQVLWLYH�DQG�VHOHFWLYH�GHWHFWRU�OLPLWHG�WKLV�DSSURDFK�WR�RQO\

D�IHZ�VSHFLILF�FDUEDPDWHV������7KH�+3/&�IOXRUHVFHQFH�GHWHF�

WLRQ�V\VWHP�XVLQJ�SRVW�FROXPQ�K\GURO\VLV�DQG�GHULYDWL]DWLRQ

LV�FXUUHQWO\�WKH�PRVW�ZLGHO\�XVHG�WHFKQLTXH�IRU�WKH�GHWHUPL�

QDWLRQ� RI� FDUEDPDWH� SHVWLFLGHV������ LQ� ZDWHU����� DQG� IRRG�

VWXIIV���������7KHUHIRUH��VFUHHQLQJ�RI�ZLGHO\�XVHG�RUJDQRSKR�

VSKRUXV� SHVWLFLGHV� DQG� FDUEDPDWH� SHVWLFLGHV� LQ� ZDWHU� DQG

IRRGVWXIIV�GHPDQGV�ERWK�*&�DQG�+3/&�DQDO\VLV�

/LTXLG�FKURPDWRJUDSK\�FRPELQHG�ZLWK�PDVV�VSHFWURPHWU\

�/&�06��KDV�EHHQ�UHJDUGHG�DV�D�SRWHQWLDO�FDQGLGDWH�RI�SHVWL�

FLGH� DQDO\VLV� GXH� WR� WKH� FRXSOLQJ� RI� WKH� FDSDELOLW\� RI� WKH

PDVV�VSHFWURPHWULF�GHWHFWLRQ�DQG�WKH�DSSOLFDELOLW\�RI�/&�WR

WKH�ZLGH�UDQJH�RI�PROHFXOHV����+RZHYHU��WKH�ODFN�RI�UHOLDEOH

LQWHUIDFHV�EHWZHHQ�/&�DQG�06�KDPSHUHG�WKH�URXWLQH�XVH�RI

/&�06�� 5HFHQWO\�� VHYHUDO� DWPRVSKHULF� SUHVVXUH� LRQL]DWLRQ

�$3,�� WHFKQLTXHV�VXFK�DV� WKHUPRVSUD\�LRQL]DWLRQ��76,�������

HOHFWURVSUD\� LRQL]DWLRQ��(6,��������DQG�DWPRVSKHULF�SUHVVXUH

FKHPLFDO� LRQL]DWLRQ� �$3&,������� KDYH� EHHQ� GHYHORSHG� DV

UREXVW�DQG�UHOLDEOH�LQWHUIDFHV�IRU�WKH�DSSOLFDWLRQ�RI�/&�06

WR� URXWLQH� DQDO\VHV� RI� SHVWLFLGHV� DQG� RWKHU� ELRORJLFDO� DQG

LQGXVWULDO� FKHPLFDOV������� $PRQJ� WKRVH� $3,� WHFKQLTXHV�

$3&,�KDV�EHHQ�RXWVWDQGLQJ�IRU� WKH�TXDQWLWDWLYH�DQDO\VLV�RI

SHVWLFLGHV�DV�LW�SURYLGHV�D�JRRG�VHQVLWLYLW\�DQG�D�ZLGH�OLQHDU

G\QDPLF�UDQJH�LQ�/&�06����������$�IHZ�UHFHQW�LQYHVWLJDWLRQV

E\�3OHDVDQFH�HW�DO����DQG�E\�.DZDVDNL�HW�DO����GHPRQVWUDWHG

WKDW�/&�06� V\VWHPV�ZLWK�$3&,� LQWHUIDFHV� �/&�$3&,�06�

FDQ�EH�DSSOLFDEOH� WR� WKH�TXDQWLWDWLYH�DQDO\VLV�RI�FDUEDPDWH

SHVWLFLGHV��:H�QRWH�WKDW�WKH�$3&,�FDQ�DOVR�SURYLGH�JRRG�LRQ�

L]DWLRQ�HIILFLHQFLHV�WR�ZLGHO\�XVHG�RUJDQRSKRVSKRUXV�SHVWL�

FLGHV��0RVW� RI� RUJDQRSKRVSKRUXV� SHVWLFLGHV� DUH� SRODU�� DQG

WKH\�DUH� OLNHO\� WR�IRUP�SURWRQDWHG�PROHFXOHV� LQ�$3&,�SUR�

FHVVHV��7KHUHIRUH��/&�$3&,�06�LV�H[SHFWHG�WR�EH�DSSOLFDEOH

WR� WKH� GHWHUPLQDWLRQ� RI� ERWK� RUJDQRSKRVSKRUXV� SHVWLFLGHV

DQG�FDUEDPDWHV�LQ�D�VLQJOH�FKURPDWRJUDSKLF�DQDO\VLV��DQG�WR

EH�XVHG�IRU�WKH�IDVW�VFUHHQLQJ�RI�WKRVH�UHJXODWRU\�SHVWLFLGHV��

7KLV�UHSRUW�SUHVHQWV�DQ�HYDOXDWLRQ�RI�/&�$3&,�06�PHWKRG

IRU� WKH� DQDO\VLV� RI� ERWK� RUJDQRSKRVSKRUXV� SHVWLFLGHV� DQG

FDUEDPDWH�SHVWLFLGHV��7KH�SHVWLFLGHV�VWXGLHG�LQ�WKLV�ZRUN�DUH

ILYH�FDUEDPDWH�SHVWLFLGHV��DOGLFDUE��DOGLFDUEVXOIRQH��PHWKLR�

FDUE��PHWKLRFDUEVXOIR[LGH��DQG�FDUEDU\O��DQG�IRXU�UHSUHVHQ�

WDWLYH� RUJDQRSKRVSKRUXV� SHVWLFLGHV� �SDUDWKLRQ�� PDODWKLRQ�

GLD]LQRQ��DQG�IHQLWURWKLRQ���7KH�IRXU�RUJDQRSKRVSKRUXV�SHV�

WLFLGHV�DQG�FDUEDU\O�LQ�GULQNLQJ�ZDWHU�DUH�UHJXODWHG�LQ�.RUHD

DQG� WKH�RWKHU�SHVWLFLGHV�DUH�FKRVHQ� WR� UHSUHVHQW� FDUEDPDWH

SHVWLFLGHV�ZLGHO\�XVHG�LQ�.RUHD�DQG�WKHLU�PHWDEROLWHV��7KH
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/&�$3&,�06� FRQGLWLRQV� DUH� GHVFULEHG� IRU� WKH� VHSDUDWLRQ

DQG�GHWHFWLRQ�RI�WKH�QLQH�SHVWLFLGHV�

([SHULPHQWDO�6HFWLRQ

$OO�RI�WKH�SHVWLFLGHV�XVHG�LQ�WKLV�VWXG\�ZHUH�REWDLQHG�IURP

'U��(KUHQVWRUIHU�5HIHUHQFH�0DWHULDOV�UHSRVLWRU\��$XJVEXUJ�

*HUPDQ\��7KHLU�VWUXFWXUHV�DQG�FRPPRQ�QDPHV�DUH�VKRZQ�LQ

)LJXUH���� ,QGLYLGXDO� VWRFN� VROXWLRQV�ZHUH�SUHSDUHG�E\�GLV�

VROYLQJ�D�ZHLJKHG�SRUWLRQ��DURXQG���PJ��RI�HDFK�SHVWLFLGH�LQ

��P/�RI�PHWKDQRO��$�FRPSRVLWH�VWRFN�VROXWLRQ�ZDV�SUHSDUHG

E\�PL[LQJ�DSSURSULDWH�DPRXQWV�RI�WKH�LQGLYLGXDO�VWRFN�VROX�

WLRQV�DQG�GLOXWLQJ�ZLWK�PHWKDQRO�WR�WKH�FRQFHQWUDWLRQ�RI����

µJ�P/�IRU�HDFK�FRPSRXQG�H[FHSW�FDUEDU\O��ZKLFK�ZDV�SUH�
SDUHG�WR�EH����µJ�P/�ZLWKRXW�DQ\�VSHFLILF�LQWHQWLRQ��6WDQ�
GDUG�VROXWLRQ�PL[WXUHV�XVHG�WR�PDNH�FDOLEUDWLRQ�FXUYHV�ZHUH

SUHSDUHG� E\� GLOXWLQJ� WKH� FRPSRVLWH� VWRFN� VROXWLRQV� ZLWK

PHWKDQRO�� +3/&� JUDGH�PHWKDQRO� ZDV� REWDLQHG� IURP�%XU�

GLFN�DQG�-DFNVRQ��,QF��������DFHWLF�DFLG�ZHUH�REWDLQHG�IURP

+D\DVKL�3XUH�&KHPLFDO�,QGXVWULHV�/WG��3XUH�ZDWHU�ZDV�SUH�

SDUHG� E\� XVLQJ� D� PHPEUDQH�ILOWHULQJ� V\VWHP� DQG� IXUWKHU

SXULILHG� E\� SDVVLQJ� WKURXJK� D�0LOOLSRUH�&RUS�0LOOL�4�5*

SXULILFDWLRQ�V\VWHP��

$QDO\VLV�ZDV�SHUIRUPHG�RQ�D�+HZOHWW�3DFNDUG������VHULHV

OLTXLG�FKURPDWRJUDSK\��/&��ZLWK�D�VROYHQW�GHOLYHU\�V\VWHP

DQG�DQ�DXWRVDPSOHU��ZKLFK�ZDV�FRXSOHG�WR�D�TXDGUXSROH�LRQ

WUDS�PDVV� VSHFWURPHWHU� �/&4��)LQQLJDQ��HTXLSSHG�ZLWK�DQ

$3&,�LQWHUIDFH��1LWURJHQ�ZDV�XVHG�DV�D�QHEXOL]LQJ�JDV��7KH

FRURQD� GLVFKDUJH� QHHGOH� RI� WKH�$3&,� LQWHUIDFH�ZDV�PDLQ�

WDLQHG�DW�����N9��,RQV�ZHUH�H[WUDFWHG�E\�D�KHDWHG�FDSLOODU\

WXEH��IRFXVHG�E\�D�WXEH�OHQV��SDVVHG�WKURXJK�D�VNLPPHU��DQG

JXLGHG�WR�WKH�PDVV�DQDO\]HU�E\�DQ�RFWDSROH�OHQV�

$3&,�PDVV�VSHFWUD�RI�WKH�QLQH�SHVWLFLGHV�ZHUH�REWDLQHG�E\

LQMHFWLQJ� �� µ/� RI� WKH� LQGLYLGXDO� VWRFN� VROXWLRQV� RU� WKHLU
GLOXWHG�VROXWLRQV�WKURXJK�DQ�LQMHFWLRQ�YDOYH�HTXLSSHG�EHWZHHQ

WKH�+3/&�V\VWHP�DQG�WKH�$3&,�LQWHUIDFH�RQ�WKH�PDVV�VSHF�

WURPHWHU�� ,Q� WKLV� FDVH�� +3/&� V\VWHP� ZDV� XVHG� WR� GHOLYHU

PRELOH� SKDVH�� PL[WXUH� RI� PHWKDQRO� DQG� ������� �Y�Y�� RI

DTXHRXV�VROXWLRQ��DW�D�IORZ�UDWH�RI�����P/�PLQ��7KH�PRELOH

SKDVH� FRQWDLQHG������DFHWLF� DFLG��$3&,� LQWHUIDFH� DQG�06

FRQGLWLRQV� ZHUH� RSWLPL]HG�ZLWK� PRQLWRULQJ� LRQ� VLJQDOV� RI

WKH�LQGLYLGXDO�SHVWLFLGH�VROXWLRQV��

7R� DQDO\]H� WKH� VWDQGDUG� VROXWLRQ�PL[WXUHV�� D�:DWHUV� ���

PP × ��� FP� FROXPQ� SDFNHG� ZLWK� �µP� &��� VWDWLRQDU\
SKDVH�ZDV�XVHG�IRU� WKH�VHSDUDWLRQ�RI� WKH�QLQH�SHVWLFLGHV���

µ/�RI�HDFK�VWDQGDUG�VROXWLRQ�PL[WXUH�ZDV�ORDGHG�WR�WKH�FRO�
XPQ�E\�WKH�DXWRVDPSOHU��7KH�LQLWLDO�FRPSRVLWLRQ�RI�PRELOH

SKDVH�ZDV��������Y�Y����PHWKDQRO�ZDWHU�DQG�ZDV�KHOG�IRU��

PLQ��7KHQ��PHWKDQRO�FRQWHQW�ZDV�OLQHDUO\�LQFUHDVHG�WR����

��ZLWKLQ����PLQ��7KH�PRELOH�SKDVH�FRQWDLQHG������DFHWLF

DFLG��7KH�IORZ�UDWH�RI�WKH�PRELOH�SKDVH�ZDV�����P/�PLQ��:H

QRWH�WKDW�VHOHFWHG�LRQ�PRQLWRULQJ��6,0��PRGH�DQG�IXOO�VFDQ

PRGH� SURYLGH� VLPLODU� VHQVLWLYLW\� GXH� WR� WKH� LQKHUHQW�PDVV

VHOHFWLRQ� PHWKRG� RI� WKH� TXDGUXSROH� LRQ� WUDS� WHFKQLTXHV���

7KXV��WKH�PDVV�VSHFWURPHWHU�ZDV�RSHUDWHG�RQ�IXOO�VFDQ�PRGH

�P�]����������GXULQJ�WKH�DFTXLVLWLRQ�RI�FKURPDWRJUDPV�

5HVXOWV�DQG�'LVFXVVLRQ

%RWK� FDUEDPDWH� SHVWLFLGHV� DQG� RUJDQRSKRVSKRUXV� SHVWL�

FLGHV�FRQVLGHUHG�LQ�WKLV�VWXG\�SURYLGHG�JRRG�$3&,�LRQ�VLJ�

QDOV�XQGHU�WKH�FRQGLWLRQV�PHQWLRQHG�LQ�WKH�SUHYLRXV�VHFWLRQ�

$V�LW�LV�ZHOO�NQRZQ��WKH�YROWDJH�GLIIHUHQFH�EHWZHHQ�WKH�WXEH

OHQV�DQG�WKH�VNLPPHU�RI�WKH�$3&,�LQWHUIDFH�SOD\HG�DQ�LPSRU�

WDQW�UROH�LQ�FRQWUROOLQJ�WKH�OHYHOV�RI�FROOLVLRQDOO\�LQGXFHG�GLV�

VRFLDWLRQ� �&,'�� RI� SULPDU\� LRQV� RULJLQDOO\� JHQHUDWHG� E\

$3&,� SURFHVVHV�� 7KXV�� WKH� YROWDJH� GLIIHUHQFH� ZDV� PDLQ�

WDLQHG� DW� ���9� WKURXJKRXW� WKH� H[SHULPHQW� WR�PLQLPL]H� WKH

OHYHOV�RI�&,'�DQG�PD[LPL]H�WKH�LRQ�H[WUDFWLRQ�HIILFLHQF\�IRU

PRVW�RI�WKH�SHVWLFLGHV��7KH�IXOO�VFDQ�$3&,�PDVV�VSHFWUD�RI

WKH�LQGLYLGXDO�SHVWLFLGHV�ZHUH�REWDLQHG�XQGHU�WKH�VDPH�FRQ�

GLWLRQV��$3&,�PDVV�VSHFWUD�RI�D�IHZ�VHOHFWHG�SHVWLFLGHV�DUH

VKRZQ� LQ� )LJXUH� ��� /LVWHG� LQ� 7DEOH� �� DUH� WKH� PDMRU� LRQV

REVHUYHG�DQG�WKHLU�UHODWLYH�LQWHQVLWLHV�RI�WKH�QLQH�SHVWLFLGHV

FRQVLGHUHG�LQ�WKLV�ZRUN��3URWRQDWHG�PROHFXOHV��>0�+@���DQG

VHYHUDO�IUDJPHQW�LRQV�DUH�REVHUYHG�LQ�PRVW�RI�WKH�VSHFWUD��,Q

WKH�VSHFWUD�RI�PDODWKLRQ��GLD]LQRQ��FDUEDU\O��PHWKLRFDUE�DQG

PHWKLRFDUEVXOIR[LGH�� >0�+@�� LV�GRPLQDQW�DQG�D� IHZ�ZHDN

IUDJPHQW�LRQ�SHDNV�DUH�REVHUYHG��7ZR�SHDNV�DW�P�]�����DQG

���� DUH� GRPLQDQW� LQ� WKH� VSHFWUXP� RI� DOGLFDUEVXOIRQH�� 7KH

SHDN�DW�P�]�����FRUUHVSRQGV�WR�>0�+@���EXW�LW�LV�LQWHUHVWLQJ

WR� VHH� D� VWURQJ� SHDN� DW�P�]� ����� 7KH� SHDN� LV� DVVLJQHG� DV

PHWKDQRO� DGGLWLYHV� RI� WKH� SURWRQDWHG� PROHFXOHV�� >0�+�

&+�2+@
���2Q�WKH�RWKHU�KDQG��WKH�VSHFWUD�RI�IHQLWURWKLRQ�DQG

SDUDWKLRQ�DUH�GRPLQDWHG�E\�WKH�IUDJPHQW�LRQV�DW�P�]�����DQG

�����UHVSHFWLYHO\��7KH�VSHFWUXP�RI�DOGLFDUE�VKRZV�D�VWURQJ

IUDJPHQW�SHDN�DW�P�]�����DQG�WKH�>0�+@��LRQ�LV�XQGHWHFW�

DEOH��&,'� VWXGLHV�RI� >0�+@�� LRQV� XVLQJ� WKH�06�06�DOJR�

ULWKP� RI� WKH� LRQ� WUDS� PDVV� VSHFWURPHWHU� HQVXUHG� WKDW� WKH
)LJXUH �� 6WUXFWXUHV�DQG�FRPPRQ�QDPHV�RI�SHVWLFLGHV�FRQVLGHUHG
LQ�WKLV�VWXG\�
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SHDNV�DW�ORZHU�P�]�YDOXHV�WKDQ�>0�+@��LQ�WKH�FRUUHVSRQGLQJ

VSHFWUXP� ZHUH� IURP� WKH� IUDJPHQWDWLRQ� RI� >0�+@�� LRQV���

7KH�SHDN�DVVLJQPHQWV�OLVWHG�LQ�7DEOH���DUH�EDVHG�RQ�WKH�&,'

VWXGLHV�DQG�WKH�FKDUDFWHULVWLF�VWUXFWXUHV�RI�WKH�FRUUHVSRQGLQJ

PROHFXOHV��

)LJXUH� ��D�� VKRZV� WKH� WRWDO� LRQ� FXUUHQW� �7,&�� FKURPDWR�

JUDP�REWDLQHG�E\�LQMHFWLQJ���µ/�RI�WKH�FRPSRVLWH�VWRFN�VROX�
WLRQ� FRQWDLQLQJ� WKH� QLQH� SHVWLFLGHV� XVLQJ� WKH� FRQGLWLRQV

PHQWLRQHG�DERYH��7KH�VFDQQLQJ�UDQJH�RI�WKH�PDVV�VSHFWURP�

HWHU�ZDV�IURP�P�]�����WR�P�]������7KH�QLQH�FRPSRXQGV�DUH

DGHTXDWHO\�UHVROYHG�H[FHSW�WKH�VOLJKW�RYHUODSV�EHWZHHQ�DOGL�

FDUEVXOIRQH�DQG�PHWKLRFDUEVXOIR[LGH�DQG�EHWZHHQ�PDODWKLRQ

DQG�PHWKLRFDUE�� )RU� WKH� TXDQWLWDWLYH� DQDO\VLV�� WKH� VHOHFWHG

LRQ� FKURPDWRJUDPV� UHSUHVHQWLQJ� WKH� LQGLYLGXDO� SHVWLFLGHV

ZHUH� H[WUDFWHG� XVLQJ� WKH� GDWD� UHGXFWLRQ� SURJUDP� LPSOH�

PHQWHG� LQ� WKH� GDWD� V\VWHP� RI� WKH� PDVV� VSHFWURPHWHU�� 7KH

UHVXOWV� DUH� VKRZQ� LQ� )LJXUH� ��E� a �K��� +HUH�� WKH� VHOHFWHG

LRQV�DUH�WKH�FKDUDFWHULVWLF�LRQV�ZLWK�WKH�KLJKHVW�LQWHQVLW\�LQ

WKH� PDVV� VSHFWUD� RI� WKH� FRUUHVSRQGLQJ� FRPSRXQGV�� 7KH

VHOHFWHG�LRQV�IRU� WKH�QLQH�FRPSRXQGV�DUH� OLVWHG�LQ�7DEOH���

7KH� FRPSRXQGV� RYHUODSSHG� LQ� WKH� 7,&� FKURPDWRJUDP� DUH

ZHOO�UHVROYHG�LQ�WKH�VHOHFWHG�LRQ�FKURPDWRJUDPV��7KXV��WKH

/&� FRQGLWLRQV� ZHUH� QRW� IXUWKHU� RSWLPL]HG� WR� VHSDUDWH� WKH

FRPSRXQGV� WKDW� DUH� SDUWLDOO\� RYHUODSSHG� LQ� WKH� 7,&� FKUR�

PDWRJUDP��,W�GHPRQVWUDWHV�WKDW�WKH�UHODWLYHO\�ORZ�UHVROYLQJ

SRZHU�RI�/&�FDQ�EH�RYHUFRPH�E\�WKH�PDVV�VHOHFWLQJ�FDSDELO�

LW\�RI�WKH�06�GHWHFWRU�

)RU�WKH�SRVLWLYH�LGHQWLILFDWLRQ�RI�D�WDUJHW�SHVWLFLGH�IURP�DQ

XQNQRZQ�VDPSOH��RQH�QHHGV�WR�GHWHFW�WZR�RU�PRUH�FKDUDFWHU�

LVWLF�LRQV�RI�WKH�FRPSRXQG�DQG�FRPSDUH�WKHLU�UHODWLYH�LQWHQ�

VLW\�LQ�DGGLWLRQ�WR�PDWFKLQJ�RI�LWV�/&�UHWHQWLRQ�WLPH�ZLWK�WKDW

RI� WKH�FRPSRXQG��$V�VKRZQ� LQ�7DEOH����PRVW�RI� WKH�SHVWL�

FLGHV� VWXGLHG� KHUH�� H[FHSW� DOGLFDUE� DQG�PDODWKLRQ�� KDYH� DW

OHDVW�WZR�FKDUDFWHULVWLF�LRQV�XQGHU�WKH�$3&,�LRQL]DWLRQ�FRQ�

GLWLRQV�XVHG��)LJXUH���VKRZV�FKURPDWRJUDPV�RI�LRQV�DW�P�]

�����P�]������DQG�P�]������ZKLFK�DUH�FKDUDFWHULVWLF�IRU�SDU�

DWKLRQ��7KH�LRQ�FKURPDWRJUDPV�ZHUH�H[WUDFWHG�IURP�WKH�/&�

06� UXQ�RI� WKH�PL[WXUH�RI�QLQH�SHVWLFLGHV�DW� WKH� LQGLYLGXDO

OHYHOV� RI� ��� µJ�P/�� 7KH� DUHD� UDWLRV� DQG� UHODWLYH� SHDN
KHLJKWV�RI�WKH�WKUHH�LRQV�DJUHH�ZLWK�WKH�SDUDWKLRQ�PDVV�VSHF�

WUXP��LQGLFDWLQJ�WKDW�D�WDUJHW�FRPSRXQG�FDQ�EH�LGHQWLILHG�E\

WKH�GHWHFWLRQ�RI� LWV�FKDUDFWHULVWLF� LRQV��:H�QRWH� WKDW�DOO� WKH

QLQH�SHVWLFLGHV�VKRZ�KLJKHU�OHYHOV�RI�IUDJPHQWDWLRQ�WR�JLYH

PRUH� FKDUDFWHULVWLF� IUDJPHQW� LRQV�ZKHQ� WKH�YROWDJH�GLIIHU�

HQFH� EHWZHHQ� WKH� WXEH� OHQV� DQG� WKH� VNLPPHU� RI� WKH�$3&,

)LJXUH �� 0DVV�VSHFWUD�RI��D��PDODWKLRQ���E��PHWKLRFDUEVXOIR[LGH
DQG��F��DOGLFDUE�REWDLQHG�E\�$3&,�06��,Q�VSHFWUXP��F���WKH�SHDN�D
���� LV� >0�+@�� RI� UHVLGXDO� PHWKLRFDUEVXOIR[LGH� UXQ� ULJKW� EHIRUH
REWDLQLQJ�WKLV�VSHFWUXP��DQG�WKH�SHDN�DW�����LV�IURP�RWKHU�EDFNJURXQG
UHVLGXHV�

7DEOH �� 0DMRU�LRQV�REVHUYHG�E\�/&�$3&,�06�DQG�LWV�GHWHFWLRQ�OLPLWV�IRU�WKH�QLQH�SHVWLFLGHV�FRQVLGHUHG�LQ�WKLV�VWXG\

&RPSRXQGV 0�:� $3&,�,RQVD 6HOHFWHG�,RQE��P�]� 'HWHFWLRQ�/LPLWF��QJ��
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D>0@�[��\���6XEVFULSW�[�GHQRWHV�WKH�PDVV�WR�FKDUJH�UDWLR��P�]��RI�WKH�0
��LRQ��YDOXH�\�LQ�WKH�SDUHQWKHVLV�GHQRWHV�WKH�LQWHQVLW\�RI�WKH�LRQ��QRUPDOL]HG�ZLWK

UHVSHFW� WR� WKH�EDVH�SHDN�RI�HDFK�VSHFWUXP��7KH�SHDN�DVVLJQPHQWV�DUH�EDVHG�RQ� WKH�&,'�VWXGLHV���DQG� WKH�FKDUDFWHULVWLF�VWUXFWXUHV�RI� WKH� LQGLYLGXDO
FRPSRXQGV��E6HOHFWHG�LRQV�XVHG�IRU�WKH�TXDQWLWDWLYH�DQDO\VLV��F7KH�GHWHFWLRQ�OLPLWV�IRU�6�1 ! ��LQ�WKH�VHOHFWHG�LRQ�FKURPDWRJUDPV��7KH�XQFHUWDLQWLHV�RI
WKH�JLYHQ�YDOXHV�DUH�HVWLPDWHG�WR�EH�����RI�WKH�YDOXHV�



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� %\XQJMRR�.LP�DQG�+XQ�<RXQJ�6R

LQWHUIDFH�LQFUHDVHV��7KXV��PRGHUDWHO\�KLJKHU�YROWDJH�GLIIHU�

HQFH� LV�SUHIHUDEOH� IRU� WKH� LGHQWLILFDWLRQ�RI� WDUJHW�SHVWLFLGHV

IURP�DQ�XQNQRZQ�VDPSOH��

7R� WHVW� IHDVLELOLW\� RI� WKH� /&�$3&,�06� IRU� WKH� URXWLQH

TXDQWLWDWLYH� DQDO\VLV� RI� RUJDQRSKRVSKRUXV� SHVWLFLGHV� DQG

FDUEDPDWH� SHVWLFLGHV�� WKH� OLQHDULW\� DQG� UHSHDWDELOLW\� RI� WKH

/&�$3&,�06�ZHUH�H[DPLQHG��&DOLEUDWLRQ�FXUYHV�VKRZQ�LQ

)LJXUH���ZHUH�SUHSDUHG�E\�LQMHFWLQJ���µ/�RI�VWDQGDUG�VROX�
WLRQ�PL[WXUHV�FRQWDLQLQJ���WR�����µJ�P/�RI�WKH�QLQH�SHVWL�
FLGHV� XQGHU� WKH� VDPH� FRQGLWLRQV� PHQWLRQHG� DERYH�� 7KLV

FRQFHQWUDWLRQ�UDQJH�UHSUHVHQWV�WKH�ZRUNLQJ�UDQJH�RI�JHQHUDO

SHVWLFLGH�DQDO\VLV�����7KH�SHDN�DUHDV�XVHG�LQ�WKH�FDOLEUDWLRQ

FXUYHV�ZHUH�REWDLQHG�IURP�WKH�VHOHFWHG�LRQ�FKURPDWRJUDPV

RI� WKH� FRUUHVSRQGLQJ� FRPSRXQGV�� 7KH� SHDN� DUHDV� DUH� WKH

PHDQ� YDOXHV� RI� WKUHH�PHDVXUHPHQWV��7KH� UHODWLYH� VWDQGDUG

GHYLDWLRQV� RI� WKH� DUHDV� IURP� UHSHDWHG� PHDVXUHPHQWV� DUH

ZLWKLQ����IRU�DOO�FRPSRXQGV�LQ�WKH�FRQFHQWUDWLRQ�UDQJH��7KH

FDOLEUDWLRQ�FXUYHV�JLYHQ� LQ�)LJXUH���DUH�REWDLQHG� IURP� WKH

OLQHDU� UHJUHVVLRQ� RI� WKH� H[SHULPHQWDO� GDWD�� 7KH� UHJUHVVLRQ

FRHIILFLHQWV��U���IRU�DOO�QLQH�FRPSRXQGV�DUH�EHWWHU�WKDQ�������

$OO�QLQH�FRPSRXQGV�VKRZ�JRRG� OLQHDULW\� LQ� WKH�FRQFHQWUD�

WLRQ�UDQJH��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�/&�$3&,�06�LV�D

JRRG�DQDO\WLFDO�PHWKRG�IRU�WKH�TXDQWLWDWLYH�DQDO\VLV�RI�ERWK

)LJXUH �� /&�$3&,�06�UXQ�RI� D� VWDQGDUG�VROXWLRQ�PL[WXUH�FRQ�
WDLQLQJ�ILYH�FDUEDPDWH�SHVWLFLGHV�DQG�IRXU�RUJDQRSKRVSKRUXV�SHVWL
FLGHV�DW�WKH�LQGLYLGXDO�OHYHOV�RI�����µJ�P/��H[FHSW�FDUEDU\O�����µJ�
P/��� ��� DOGLFDUEVXOIRQH�� ��� PHWKLRFDUEVXOIR[LGH�� ��� DOGLFDUE�� �
FDUEDU\O�����PDODWKLRQ�����PHWKLRFDUE�����IHQLWURWKLRQ�����SDUDWKLRQ
���GLD]LQRQ�� �D��7RWDO� LRQ� FXUUHQW� FKURPDWRJUDP�� �E���K��6HOHFWHG
LRQ�FKURPDWRJUDPV�RI�WKH�QLQH�FRPSRXQGV��:DWHUV�����PP�L�G�×
���FP�FROXPQ�SDFNHG�ZLWK���µP�&���VWDWLRQDU\�SKDVH�ZDV�XVHG�
7KH� LQLWLDO� FRPSRVLWLRQ� RI� PRELOH� SKDVH� ZDV� ������ �Y�Y� ��
PHWKDQRO�ZDWHU��DQG�ZDV�KROG�IRU���PLQ��7KHQ��PHWKDQRO�FRQWHQ
ZDV�OLQHDUO\�LQFUHDVHG�WR������ZLWKLQ����PLQ��7KH�PRELOH�SKDVH
FRQWDLQHG������DFHWLF�DFLG��7KH�IORZ�UDWH�RI�WKH�PRELOH�SKDVH�ZDV
����P/�PLQ�

)LJXUH �� 6HOHFWHG� LRQ� FKURPDWRJUDPV� IRU� SDUDWKLRQ�� H[WUDFWHG
IRUP�WKH�/&�06�UXQ�RI�WKH�QLQH�SHVWLFLGH�PL[WXUH�DW�WKH�LQGLYLGXD
OHYHOV�RI�����µJ�P/���D��7RWDO�LRQ�FKURPDWRJUDP���E����F��DQG��G�
DUH�LRQ�FKURPDWRJUDPV�RI�WKUHH�FKDUDFWHULVWLF�LRQV�IRU�SDUDWKLRQ�D
P�]������P�]������DQG�P�]������UHVSHFWLYHO\��

)LJXUH �� /&�$3&,�06� FDOLEUDWLRQ� FXUYHV� IRU� GLD]LQRQ� �> ��
PDODWKLRQ��; ���PHWKLRFDUEVXOIR[LGH��@ ���PHWKLRFDUE��8 ���DQG
FDUEDU\O� �< ��� ,QVHW� VKRZV� FDOLEUDWLRQ� FXUYHV� RI� SHVWLFLGHV� ZLWK
UHODWLYHO\� ORZ� VHQVLWLYLWLHV�� IHQLWURWKLRQ� �? ��� SDUDWKLRQ� �B ��
DOGLFDUEVXOIRQH� �= ��� DQG� DOGLFDUE� � × ��� 7KH� DUHDV� DUH� REWDLQHG
IURP�FKURPDWRJUDPV�RI�VHOHFWHG�LRQV�IRU�WKH�LQGLYLGXDO�SHVWLFLGHV
DV�OLVWHG�LQ�7DEOH����DQG�DUH�WKH�PHDQV�RI�WKUHH�PHDVXUHPHQWV�
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FDUEDPDWH�SHVWLFLGHV�DQG�RUJDQRSKRVSKRUXV�SHVWLFLGHV�

7KH�VORSHV�RI�WKH�FDOLEUDWLRQ�FXUYHV�IRU�WKH�LQGLYLGXDO�SHV�

WLFLGHV�LQ�)LJXUH���UHIOHFW�WKH�UHODWLYH�/&�$3&,�06�VHQVLWLY�

LWLHV��/&�$3&,�06�VHQVLWLYLWLHV�DUH�LQ�WKH�RUGHU�RI�GLD]LQRQ !

PDODWKLRQ ! PHWKLRFDUEVXOIR[LGH ! PHWKLRFDUE ! FDUEDU\O !

IHQLWURWKLRQ� !� SDUDWKLRQ� !� DOGLFDUEVXOIRQH� !� DOGLFDUE�� 7KH

GHWHFWLRQ� OLPLWV� IRU� WKH� LQGLYLGXDO� SHVWLFLGHV� LQ� WKH� H[SHUL�

PHQWDO�FRQGLWLRQV�ZHUH�GHULYHG�IURP�WKH�VLJQDO�WR�QRLVH�OHY�

HOV� RI� WKHLU� VHOHFWHG� LRQ� FKURPDWRJUDPV� DW� DSSURSULDWH

FRQFHQWUDWLRQV��/LVWHG� LQ�7DEOH���DUH� WKHLU�HVWLPDWHG�GHWHF�

WLRQ�OLPLWV�ZLWK�WKH�VLJQDO�WR�QRLVH�UDWLRV�RI����7KH�UDQJH�RI

GHWHFWLRQ�OLPLWV�LV�EHWZHHQ�������QJ��PDODWKLRQ��DQG�����QJ

�DOGLFDUE���+HUH�� ��QJ�RI� D�SHVWLFLGH� HTXDOV� WR� WKH� VROXWLRQ

FRQFHQWUDWLRQ�RI���µJ�P/�ZKHQ���µ/�LV�LQMHFWHG�IRU�DQDO\VLV�
7KH�GHWHFWLRQ�OLPLWV�RI�WKLV�PHWKRG�IRU�WKH�FDUEDPDWH�SHVWL�

FLGHV� DUH� FRPSDUDEOH� ZLWK� WKRVH� RI� WKH� /&�IOXRUHVFHQFH

GHWHFWLRQ� PHWKRG� ZLWK� SRVW�FROXPQ� GHULYDWL]DWLRQ�� ZKRVH

GHWHFWLRQ�OLPLWV�IRU�WKHVH�FRPSRXQGV�ZHUH�NQRZQ�WR�EH�QHDU

����QJ���7KH�GHWHFWLRQ�OLPLWV�RI�WKH�/&�$3&,�06�V\VWHP�IRU

WKH� RUJDQRSKRVSKRUXV� SHVWLFLGHV� DUH� ORZHU� WKDQ� *&�),'

�JHQHUDOO\� �� QJ��� EXW� KLJKHU� WKDQ� *&�13'� �a������ SJ��

+RZHYHU�� WKH� GHWHFWLRQ� OLPLWV� RI� WKH�/&�$3&,�06� V\VWHP

IRU�WKH�QLQH�SHVWLFLGHV�DUH�PXFK�ORZHU�WKDQ�UHTXLUHG�LQ�JHQ�

HUDO�UHJXODWRU\�SHVWLFLGH�DQDO\VLV�LQ�IRRG�DQG�HQYLURQPHQWDO

PDWHULDO����QJ�RU���µJ�P/�IRU���µ/�LQMHFWLRQ���7KHUHIRUH��WKH
/&�$3&,�06�LV�VHQVLWLYH�HQRXJK�WR�VLPXOWDQHRXVO\�DQDO\]H

ERWK�FDUEDPDWH�SHVWLFLGHV�DQG�RUJDQRSKRVSKRUXV�SHVWLFLGHV

LQ�URXWLQH�VLQJOH�FKURPDWRJUDSKLF�DQDO\VLV��

7KLV�VWXG\�DSSOLHG�/&�$3&,�06�WR�WKH�DQDO\VLV�RI�VROX�

WLRQ�PL[WXUHV�FRQWDLQLQJ�ERWK�FDUEDPDWH�SHVWLFLGHV�DQG�RUJD�

QRSKRVSKRUXV�SHVWLFLGHV��7KH�DSSOLFDWLRQ�RI� WKH�/&�$3&,�

06�V\VWHP�WR�WKH�DQDO\VLV�RI�H[WUDFWV�RI�IRRGVWXIIV�DQG�HQYL�

URQPHQWDO� VDPSOHV� LV� FXUUHQWO\�XQGHU� LQYHVWLJDWLRQ��$V� WKH

$3&,�SURFHVVHV�JHQHUDWH�D�IHZ�FKDUDFWHULVWLF� LRQV��VXFK�DV

SURWRQDWHG�PROHFXOHV�DQG�WKHLU�IUDJPHQWV��WKH�PDVV�VSHFWUR�

PHWULF�GHWHFWLRQ�PHWKRG�LV�H[SHFWHG�WR�SURYLGH�VWURQJ�VHOHF�

WLYLW\�IRU�WDUJHW�FRPSRXQGV�DQG�WKXV�WR�ILOWHU�RXW�EDFNJURXQG

LQWHUIHUHQFHV� RULJLQDWHG� IURP� WKH� VDPSOH�PDWUL[��$OVR�� WKH

DGRSWLRQ�RI�06�06�WHFKQLTXHV�LV�H[SHFWHG�WR�SURYLGH�VHF�

RQGDU\� ILOWHULQJ� HIIHFWV� ZKHQ� D� WDUJHW� FRPSRXQG� RYHUODSV

ZLWK�EDFNJURXQG�LQWHUIHUHQFHV�ERWK�LQ�FKURPDWRJUDP�DQG�LQ

PDVV�VSHFWUXP��7KH�FROOLVLRQDOO\�LQGXFHG�GLVVRFLDWLRQ�SDWK�

ZD\V�RI�WKH�FKDUDFWHULVWLF�LRQV�RI�WKH�SHVWLFLGHV�FRQVLGHUHG�LQ

WKLV�VWXG\�ZHUH�DOVR�LQYHVWLJDWHG�WR�SURYLGH�LQIRUPDWLRQ�IRU

WKH�DSSOLFDWLRQ�RI�06�06�WHFKQLTXHV�WR�WKH�LGHQWLILFDWLRQ�RI

GHWHFWHG�FRPSRXQGV�DQG�WKHLU�TXDQWLILFDWLRQ����'HWDLOV�RI�WKH

&,'�VWXGLHV�DUH�WRR�H[WHQVLYH�DQG�QRW�LQFOXGHG�LQ�WKLV�UHSRUW�

&RQFOXVLRQ

/&�$3&,�06�WHFKQLTXHV�ZHUH�HYDOXDWHG�IRU�PXOWL�UHVLGXH

DQDO\VLV�RI�ERWK�FDUEDPDWH�SHVWLFLGHV�DQG�RUJDQRSKRVSKRUXV

SHVWLFLGHV��$OO�RI�WKH�ILYH�FDUEDPDWH�SHVWLFLGHV�DQG�WKH�IRXU

RUJDQRSKRVSKRUXV� SHVWLFLGHV� FRQVLGHUHG� LQ� WKLV� VWXG\� SUR�

YLGHG� JRRG� LRQ� VLJQDOV� ZLWK� WKH� $3&,� LRQL]DWLRQ�PHWKRG�

7KH�$3&,�PDVV�VSHFWUD�RI�PRVW�RI�WKH�SHVWLFLGHV�VKRZ�SUR�

WRQDWHG� PROHFXOHV� DQG� WKHLU� FKDUDFWHULVWLF� IUDJPHQW� LRQV�

7KH�OHYHOV�RI�WKH�IUDJPHQWDWLRQV�YDU\�DPRQJ�WKH�SHVWLFLGHV�

7KH�FDOLEUDWLRQ�FXUYHV�RI�WKH�SHVWLFLGHV�SUHVHQW�JRRG�OLQHDU�

LW\�LQ�WKH�JHQHUDO�ZRUNLQJ�FRQFHQWUDWLRQ�UDQJH�RI�������µJ�
P/�� 7KH� SHDN� DUHDV� LQ� VHOHFWHG� FKURPDWRJUDPV� VKRZ� OHVV

WKDQ����YDULDWLRQ�IURP�UXQ�WR�UXQ��7KH�GHWHFWLRQ�OLPLWV�IRU

WKH�QLQH�SHVWLFLGHV�DUH�ORZHU�WKDQ���QJ��,Q�FRQFOXVLRQ��/&�

$3&,�06� KDV� SURYHG� WR� EH� D� JRRG� DQDO\WLFDO� WRRO� IRU� WKH

URXWLQH� VLPXOWDQHRXV�DQDO\VLV�RI�ERWK�FDUEDPDWH�SHVWLFLGHV

DQG�RUJDQRSKRVSKRUXV�SHVWLFLGHV��
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