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5HFHLYHG�-DQXDU\���������
7KH� LPSXULW\� FRPSRVLWLRQ� RI� WUDQV�VWLOEHQH� REWDLQHG� E\� V\QWKHVLV� DQG� SXULILHG� E\

YDULRXV� WHFKQLTXHV�KDV�EHHQ�VWXGLHG�XVLQJ�FRPELQDWLRQ�RI�JDV�FKURPDWRJUDSK\�DQG�FKUR�
PDWR�PDVV�VSHFWURPHWU\��7KH�UHVXOWV�REWDLQHG�PDGH� LW�SRVVLEOH� WR� LGHQWLI\�WKH� LPSXULWLHV
WR�EH�OLPLWHG�DQG�WR�LPSURYH�WKH�WHFKQRORJ\�RI�VFLQWLOODWLRQ�JUDGH�WUDQV�VWLOEHQH�
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)RU�WKH�IDVW�QHXWURQ�VSHFWURPHWU\��PHGLD
ZLWK�D�KLJK�K\GURJHQ�FRQWHQW�DUH�QHFHVVDU\
WKDW� DUH� FDSDEOH� RI� UDGLROXPLQHVFHQFH� DQG
SURYLGLQJ�WKH�VHSDUDWLRQ�RI�WKH�QHXWURQ�IOX[
VLJQDOV� IURP� WKH� EDFNJURXQG� JDPPD� UDGLD�
WLRQ��7KRVH�UHTXLUHPHQWV�DUH�PHW�E\�RUJDQLF
OLTXLG� DQG� FU\VWDOOLQH� VFLQWLOODWRUV�� /LTXLG
VFLQWLOODWRUV� DUH� GLIILFXOW� WR� XVH� LQ� PDQ\
FDVHV� IRU� SUDFWLFDO� UHDVRQV�� 7KH� WUDQV�VWLO�
EHQH� FU\VWDOV� DUH� WKH� EHVW� NQRZQ� VFLQWLOOD�
WRUV� IRU� VSHFWURPHWU\�RI�PL[HG� LRQL]LQJ�UD�
GLDWLRQ� IOX[HV�� LQFOXGLQJ� WKRVH� RI� KLJK�HQ�
HUJ\� QHXWURQV� >�@�� 7KDW� DSSOLFDWLRQ� RI
VWLOEHQH� LPSRVHV� YHU\� VWULQJHQW� UHTXLUH�
PHQWV�WR�LWV�TXDOLW\��7R�RSWLPL]H�WKH�SXULIL�
FDWLRQ� WHFKQRORJ\�� LW� LV� QHFHVVDU\� WR� NQRZ
WKH�LPSXULW\�FRPSRVLWLRQ�RI�WKH�LQLWLDO�V\Q�
WKHWLF� VWLOEHQH�� ,Q� WKLV�ZRUN�� SUHVHQWHG� DUH
UHVXOWV� RI� D� FRPSDUD�
WLYH�VWXG\�RI�WUDQV�VWLO�
EHQH� VDPSOHV� REWDLQHG
IURP� YDULRXV� VRXUFHV
DQG�SXULILHG�E\�D�FRP�
SOH[�SURFHGXUH��

)LUVW�� OHW� WKH� VWLO�
EHQH�V\QWKHVLV�PHWKRGV

EH�UHYLHZHG�EULHIO\��2QO\�WKH�PHWKRGV�VXLW�
DEOH� IRU� ODUJH�VFDOH� V\QWKHVLV� ZLOO� EH� WDNHQ
LQWR� FRQVLGHUDWLRQ� ZKLFK� SURYLGH� D� KLJK
SURGXFW� \LHOG� �DW� OHDVW� ������ DQG�RU�PDNH
XVH� RI� HDVLO\� DYDLODEOH� DQG� UHODWLYHO\� FKHDS
LQLWLDO� UHDJHQWV�� 7KH� UHYLHZ� GDWD� ZLOO� EH
XVHG�LQ�WKH�IUDPH�RI�WKLV�ZRUN�WR�VXEVWDQWL�
DWH� WKH� VHOHFWLRQ� RI� FRPSRQHQWV� IRU� PRGHO
PL[HV��2QH�RI�WKH�SUDFWLFDO�PHWKRGV�LV�EDVHG
RQ�WKH�ZRUN�E\�0HLVHQKHLPHU�DQG�+HLP�>�@
ZKR�KDYH�VKRZQ�WKDW�EHQ]DOD]LQH� LV�GHFRP�
SRVHG�DW�����&�ZLWK�VWLOEHQH�IRUPDWLRQ�DQG
QLWURJHQ� UHOHDVH�� /DWHU�� LW� ZDV� VWDWHG� WKDW
WKH�EHQ]DOD]LQH�S\URO\VLV�JLYHV�EHQ]RQLWULOH�
DPPRQLD�� GLSKHQ\OHWKDQH�� D� VHULHV� RI
SRO\DU\OVXEVWLWXWHG�KHWHURF\FOHV�LQ�FRPSDUD�
EOH� DPRXQWV� DV� ZHOO� DV� SKHQDQWUHQH� LQ
VPDOOHU�DPRXQWV�>�Ü�@�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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6WLOEHQH� \LHOGV� LQ� WKDW� PHWKRG� DUH� UHOD�
WLYHO\� ORZ� DQG� DWWDLQ� ��� RU� ����� RQO\�� DO�
WKRXJK� WKHUH� LV� D� UHSRUW� >�@� RQ� WKH� VWLOEHQH
FRQWHQW� XS� WR� ��� ��� DV� GHWHUPLQHG� E\� JDV
FKURPDWRJUDSK\�

6WLOEHQH� FDQ� EH� REWDLQHG� DOVR� E\� UHGXF�
WLYH� GHK\GURKDORJHQDWLRQ� RI� ����GLKDOR�����
GLSKHQ\OHWKDQH�

$ORQJ� ZLWK� WUDGLWLRQDO� UHGXFWLRQ� WHFK�
QLTXHV��H�J���XVLQJ�VRGLXP�ERURK\GULGH�ZLWK
����� \LHOG� >�@�� LURQ�� ����� >�@�� K\GURJHQ�
�����>�@���PLFURZDYH�DFWLYDWLRQ�FDQ�EH�XVHG
VXFFHVVIXOO\� WR�REWDLQ�WKH�UHTXLUHG�SURGXFW�DW
DQ�HVVHQWLDOO\�TXDQWLWDWLYH�\LHOG��VHH��H�J��>��@�

,Q� >��@�� VWLOEHQH� KDV� EHHQ� REWDLQHG� E\
HOHFWURFKHPLFDO� UHGXFWLRQ� RI� EHQ]DOGHK\GH
LQ�DFLGLF�PHGLXP��7KH�SURGXFW�\LHOG�ZDV�DV
ORZ� DV� ������ /DWHU�� WKH� VDPH� PHWKRG� KDV
SURYLGHG�WKH�VWLOEHQH�\LHOG�RYHU������XVLQJ
ORZ�YDOHQFH�WLWDQLXP�>��@�RU�FKURPH�>��@�UH�
DJHQWV�

7KH� FURVV�FRPELQDWLRQ� UHDFWLRQV� FDWD�
O\]HG�E\�WUDQVLWLRQ�PHWDOV�FRQVWLWXWH�D�VHSD�
UDWH� JURXS� RI� VWLOEHQH� V\QWKHVLV� PHWKRGV�
)RU� H[DPSOH�� VWLOEHQH� FDQ� EH� REWDLQHG� DW
\LHOGV� H[FHHGLQJ� ��� �� XVLQJ� ����GLFKORUR�
WROXHQH�DV�WKH�LQLWLDO�PDWHULDO�

&DWDO\VW 6WLOEHQH�\LHOG�
�

5HI�

�&RG��1L �� ��
=U&O� �� ��

�(W�3��1L �� ��
,URQ�R[DODWH �� ��
$�PRUH�SURVSHFWLYH�ZD\�LV�WR�DU\ODWH�VW\�

UHQH� ZLWK� KDOREHQ]HQHV� �WKH� +DFN�0L]RNRUL
UHDFWLRQ�� VHH�� H�J��� UHYLHZ� >��@��� (YHQ� IRU
WKH� OHDVW� UHDFWLYH� KDOLGH�� FKORUREHQ]HQH�
FRQGLWLRQV�DUH�UHSRUWHG�SURYLGLQJ�WKH�SURG�
XFW�\LHOG�RYHU�������

,W�LV�UDWKHU�GLIILFXOW�WR�MXGJH�RI�WKH�VSH�
FLILF�PHWKRG�XVHG� WR�REWDLQ� WKH�FRPPHUFLDO
VWLOEHQH� VDPSOHV�� 1HYHUWKHOHVV�� WDNLQJ� LQWR
DFFRXQW�UHODWLYHO\�ORZ�FRVW�RI�WKH�LQLWLDO�UH�
DJHQWV� �VW\UHQH�� KDOREHQ]HQHV�� KDORWROXH�
QHV��� WKH� FURVV�FRPELQDWLRQ� UHDFWLRQV� FDWD�

O\]HG� E\� WUDQVLWLRQ�PHWDOV� �WZR� ODWWHU� UHDF�
WLRQV��PLJKW�EH�VXSSRVHG��,Q�ODUJH�VFDOH�V\Q�
WKHVHV�� WKH� \LHOGV� DUH� XVXDOO\� VRPHZKHW
ORZHU� WKDQ� WKRVH� GHVFULEHG� LQ� OLWHUDWXUH�
DQG� SRO\DU\OVXEVWLWXWHG� HWK\OHQHV�� SRO\F\�
FOLF� DURPDWLFV�� DQJ� WKH� UHGXFWLRQ� SURGXFWV
WKHUHRI�FRXOG�EH�H[SHFWHG�DV�WKH�LPSXULWLHV�

,Q� WKLV� ZRUN�� VWLOEHQH� ZDV� REWDLQHG� E\
EHQ]DOD]LQH�S\URO\VLV�EHLQJ�FDUULHG�RXW�LQ�D
VWHHO�UHDFWRU�RI���/�FDSDFLW\�ZLWK�D�VFUHZHG
FDS�SURYLGHG�E\�WZR�QLSSOHV�IRU�WKHUPRFRX�
SOHV�DQG�D�JODVV�WDSSLQJ�ZLWK�DLU�FRROHU�IRU
GLVWLOODWLRQ� RI� WKH� UHOHDVHG� VXEVWDQFHV�� 7KH
FRROHU�ZDV�HTXLSSHG�ZLWK�DQ�HOHFWULF�KHDWHU
WR� DYRLG� WKH� SUHPDWXUH� FU\VWDOOL]DWLRQ� RI
VWLOEHQH�EHLQJ�GLVWLOOHG�RII��7KH�UHDFWRU�ZDV
KHDWHG� E\� DQ� HOHFWULFDO� EDWK�� WKH� KHDWLQJ
WHPSHUDWXUH� EHLQJ� FRQWUROOHG� E\� WKH� GHSWK
RI� WKH� UHDFWRU� LPPHUVLRQ� LQWR� WKH� IXUQDFH�
$� W\SLFDO� EHQ]DOD]LQH� FKDUJH� ZDV� ���� J�
7KH� V\VWHP� ZDV� VHDOHG�� WKH� JDV� H[LW� WXEH
FRQQHFWHG�WR�WKH�UHFHLYHU�ZDV�LPPHUVHG�LQWR
D� IODVN� ZLWK� EHQ]HQH�� 7KH� GHFRPSRVLWLRQ
UDWH�ZDV� HVWLPDWHG�XVLQJ� WKH� UHOHDVH� LQWHQ�
VLW\� RI� QLWURJHQ� EXEEOLQJ� WKURXJK� EHQ]HQH�
$W� WKH� HQG� RI� GLVWLOODWLRQ�� WKH� IXUQDFH�ZDV
VZLWFKHG� RXW�� WKH� VROLGLILHG� GLVWLOODWH� FRQ�
VLVWLQJ� RI� VWLOEHQH� DQG� EHQ]RQLWULOH� ZDV
PHOWHG�� SODFHG� LQWR� D� PRUWDU� DQG� JURXQG�
7KH�PDVV� ZDV� SODFHG� RQWR� D� ILOWHU�� SUHVVHG
WKRURXJKO\�� ZDVKHG� ZLWK� LVRSURSDQRO
��u���P/��� SUHVVHG� WKRURXJKO\� DJDLQ�� DQG
GULHG� DW� ��Ü���&�� 7KH� VWLOEHQH� \LHOG� ZDV
���� J� ���� ���� P�S�� ���Ü����&�� 7KH� RLO
VHSDUDWHG�IURP�VWLOEHQH�FRQVLVWHG�PDLQO\�RI
EHQ]RQLWULOH�

)RU�SXULILFDWLRQ��WKH�VWLOEHQH�VR�REWDLQHG
ZDV� UHFU\VWDOOL]HG� WZLFH� XVLQJ� GLFKOR�
URHWKDQH� ����� P/�� ZLWK� ��Ü��� J� DFWLYH
FDUERQ� DQG� ZDVKHG� RQ� WKH� ILOWHU� ZLWK� FROG
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GLFKORURHWKDQH�7KH� SURGXFW� ZDV� GULHG� DW
��Ü���&��7KH�\LHOG�ZDV����J�����������P�S�
����&� �UHIHUHQFH� YDOXH� IRU� WUDQV�VWLOEHQH
����&� >�@��� 7KH� SURGXFW� ZDV� IXUWKHU� SXUL�
ILHG�XVLQJ�]RQH�PHOWLQJ�RU�YHUWLFDO�GLUHFWHG
FU\VWDOOL]DWLRQ�� 8VLQJ� WKH� ILQDO� SURGXFW�
FU\VWDOV� ZHUH� JURZQ� DQG� WKH� VFLQWLOODWLRQ
FKDUDFWHULVWLFV� WKHUHRI� ZHUH� H[DPLQHG�� 7R
YDU\� DQG� H[WHQG� WKH� UDZ� PDWHULDO� VRXUFHV
IRU� VFLQWLOODWLRQ� TXDOLW\� VWLOEHQH� PDQXIDF�
WXULQJ�� VWLOEHQH� ORWV� ZHUH� SXUFKDVHG� DW
0HUFN� �*HUPDQ\�� V\QWKHWLF� JUDGH�� DQG� DW
)OXND� �6ZLW]HUODQG�� VFLQWLOODWLRQ� JUDGH��
7KRVH� VWLOEHQH� VDPSOHV� ZHUH� SXULILHG� DGGL�
WLRQDOO\�XVLQJ�WKH�DERYH�WHFKQLTXHV�

7R�PRQLWRU� WKH� SXULILFDWLRQ� SURFHVV�� JDV
FKURPDWRJUDSK\��*&��PHWKRG�ZDV�XVHG�WKDW
ZDV� RSWLPL]HG� IRU� GHWHUPLQDWLRQ� RI� PRVW
SUREDEOH�LPSXULWLHV�LQ�VWLOEHQH��%RWK�WKH�LQ�
LWLDO� VWLOEHQH� SXULILHG� E\� YDULRXV� PHWKRGV
DQG� VWLOEHQH� VLQJOH� FU\VWDOV�ZHUH� VWXGLHG� �D
WRWDO�RI����VDPSOHV���7R�LGHQWLI\�WKH�LPSXUL�
WLHV��UHWHQWLRQ�WLPH�YDOXHV�UHODWLYH�WR�WUDQV�
VWLOEHQH� ZHUH� GHWHUPLQHG� IRU� PRVW� W\SLFDO
LPSXULWLHV� EHLQJ� IRUPHG�DW� VWLOEHQH� V\QWKH�
VHV�XVLQJ�YDULRXV�PHWKRGV��:KHQ�SUHSDULQJ
WKH� PRGHO� PL[WXUH�� VHTXHQWLDO� DGGLWLRQ� RI
LQGLYLGXDO� FRPSRXQGV� ZDV� XVHG�� 7KH� DGGL�
WLYHV� �EHQ]RQLWULOH�� EHQ]DOGHK\GH�� ELSKHQ\O�
GLEHQ]\O��DFHQDSKWKHQH��EHQ]RLF�DFLG��WRODQ�
DQWKUDFHQH�� SKHQDQWKUHQH�� IOXRUHQRQH�� EHQ�
]RLQ�� RI� DW� OHDVW� DQDO\WLFDO� SXULW\� JUDGH
ZHUH�XVHG��%HQ]DOD]LQH�DQG�EHQ]\OGLSKHQ\OV
ZHUH�REWDLQHG�LQ�RXU�ODERUDWRU\�DQG�WKH�LQ�
GLYLGXDOLW\� WKHUHRI� ZDV� SURYHG� E\� *&� DQG
E\� FRPSDULVRQ�ZLWK� NQRZQ�SK\VLFRFKHPLFDO
FRQVWDQWV�� &LV�VWLOEHQH� ZDV� SUHSDUHG� IURP
WUDQV�VWLOEHQH� XVLQJ� 89� LUUDGLDWLRQ� RI� HQ�
ULFKHG� LVRRFWDQH� VROXWLRQ�� 2UWKR��� PHWD��
DQG�SDUD�WHUSKHQ\O� LVRPHUV�WKDW�DUH�QRW�GL�

UHFWO\�UHODWHG�WR�WKH�VWLOEHQH�V\QWKHVLV�SURG�
XFWV� ZHUH� RI� LQWHUHVW� DV� UHIHUHQFH� VXE�
VWDQFHV� LQ�GHWHUPLQDWLRQ�RI�JDV� FKURPDWRJ�
UDSK\� UHWHQWLRQ� FKDUDFWHULVWLFV� XQGHU� IL[HG
H[SHULPHQWDO� FRQGLWLRQV�� 7KRVH� FRPSRXQGV
ZHUH� VHSDUDWHG� RXW� RI� WHFKQLFDO� WHUSKHQ\O
XVLQJ�IUDFWLRQDO�FU\VWDOOL]DWLRQ�

7KH� IROORZLQJ� PHDVXUHPHQW� SURFHGXUHV
ZHUH�XVHG�

3URFHGXUH� ��� *DV� FKURPDWRJUDSK� �.ULV�
WDOO� ������ FRQWUROOHG� E\� ,%0� 3HQWLXP� 3&�
3DFNHG�JODVV�FROXPQ���Pu��PP��&KURPDWRQ
6XSHU� ZLWK� �� �� ))$3� �SRO\HWK\OHQHJO\FRO
������ UHDFWLRQ� SURGXFW� ZLWK� ��QLWUR�
WHUHSKWDOLF�DFLG���3,'��FDUULHU�JDV�QLWURJHQ�
YROXPH�IORZ�UDWH����FP��PLQ��FROXPQ�WHPS�
����DQG�����&��HYDSRUDWRU�WHPS������&��GH�
WHFWRU� WHPS�� ����&��6DPSOH�YROXPH��Ü��P/
LQ�ZDUPHG�WROXHQH�VROXWLRQ�

3URFHGXUH� ��� *DV� FKURPDWRJUDSK� �7VZHW
����� �PRGHO� ����� FRQQHFWHG� WR� 3&� XVLQJ� D
�0XOWLVSHNWU�� LQWHUIDFH�� 3DFNHG� JODVV� FRO�
XPQ� �� Pu�� PP�� &KURPDWRQ� 6XSHU� ZLWK
����SRO\GLPHWK\OVLOR[DQH��29�����3,'��FDU�
ULHU� JDV� QLWURJHQ�� YROXPH� IORZ� UDWH
���FP��PLQ�� FROXPQ� WHPS�� ����&�� HYDSRUD�
WRU� WHPS�� ����&�� GHWHFWRU� WHPS�� ����&�
6DPSOH� YROXPH� �Ü�� P/� LQ� ZDUPHG� WROXHQH
VROXWLRQ�

3URFHGXUH� ��� *DV� FKURPDWRJUDSK� 9DULDQ
&3������ZLWK�PDVV� GHWHFWRU�9DULDQ� ����/�
4XDUW]� FDSLOODU\� FROXPQ� &3�6LO� �&%
���Pu����� PP�� VWDWLRQDU\� SKDVH� SRO\GL�
PHWK\OVLOR[DQH�� (YDSRUDWRU� WHPS�� ����&�
&ROXPQ� WHPSHUDWXUH� SURJUDP�� ���&� IRU
�� PLQ�� KHDWLQJ� UDWH� ��� GHJ�PLQ� XS� WR
����&������&�IRU����PLQ��'HWHFWRU�LRQL]LQJ
FKDPEHU� WHPS� ����&�� (OHFWURQ� LPSDFW� LRQL�
]DWLRQ�����H9�

7DEOH����6XPPDUL]HG�UHVXOWV�RI�JDV�FKURPDWRJUDSKLF�DQDO\VLV�RI�VWLOEHQH�VDPSOHV��
&RPSRQHQW 6WLOEHQH�IURP�0HUFN 6WLOEHQH�IURP�)OXND 6WLOEHQH

V\QWKHVL]HG
IURP

EHQ]DOD]LQH
,QLWLDO 5HFU\VW�

)URP
GLFKORUR�
HWKDQH

3XULILHG�E\
GLUHFW��FU\VW�

'LUHFW�
FU\VW���

VXEOLPDWLRQ
,QLWLDO 'LUHFW�

FU\VW���
VXEOLPDWLRQ

%HQ]RQLWULOH Ü Ü Ü Ü Ü Ü ����
%LSKHQ\O ���� ���� ����� ����� ���� ����� ����
'LEHQ]\O ���� ���� ���� ���� ���� ���� ����

FLV�6WLOEHQH ���� Ü Ü Ü ���� Ü 1RW�IRXQG
WUDQV�6WLO�

EHQH
����� ����� ����� ����� ����� ����� �����

t�LPSXULW\ ���� ���� ���� ���� ���� ���� a�����Ü�����
��9DOXHV�DUH�SUHVHQWHG� LQ�ZW����5HODWLYH�HUURU�RI�WKH�LPSXULW\�PDVV�IUDFWLRQ�ZLWKLQ�WKH�PHDVXUHG
UDQJH�������WR�����ZW����GRHV�QRW�H[FHHG������

9�$�$YHULQ�HW�DO����$QDO\VLV�RI�VLGH�SURGXFWV�RI����
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,Q� VRPH� VWLOEHQH� VDPSOHV�� LQ� SDUWLFXODU�
LQ�WKRVH�REWDLQHG�IURP�WKH�0HUFN�DQG�)OXND
LQLWLDO�PDWHULDOV��DQ�LPSXULW\�ZLWK�UHWHQWLRQ
WLPH� H[FHHGLQJ� WKDW� RI� VWLOEHQH� KDV� EHHQ
IRXQG�EHVLGHV� RI� WKH�XVXDO�ELSKHQ\O��GLEHQ�
]\O�� DQG� FLV�VWLOEHQH� WUDFHV�� ,Q� WKLV� ZRUN�
WKDW�LPSXULW\�KDV�EHHQ�UHIHUUHG�WR�DV�;�LP�
SXULW\�� VHH� 7DEOH���� 7KH� PHDVXUHG� OLJKW
\LHOG� YDOXHV� IRU� WKH� FU\VWDOV� JURZQ� IURP
WKRVH� VWLOEHQH� VDPSOHV� DPRXQW� ��� WR� ����
RI� WKDW� IRU� UHIHUHQFH� FU\VWDOV� �VWLOEHQH� RE�
WDLQHG�IURP�EHQ]DOD]LQH���$�FRPSOH[�FRPEL�
QDWLRQ� RI� YDULRXV� SXULILFDWLRQ� WHFKQLTXHV
PDGH� LW� SRVVLEOH� WR� UHGXFH� WKH� ;�LPSXULW\
FRQFHQWUDWLRQ�GRZQ�WR����Ü����ZW���DQG�QR
IXUWKHU�UHGXFWLRQ�RI�WKDW�FKDUDFWHULVWLF�ZDV
DWWDLQHG�� ,W� LV� WR� QRWH� WKDW� HYHQ� DIWHU� WKH
;�LPSXULW\� OHYHO� ZDV� UHGXFHG� GRZQ� WR� WKH
DERYH� PLQLPXP�� WKH� OLJKW� \LHOG� RI� WKH
JURZQ� FU\VWDOV� UHPDLQHG� UHODWLYHO\� ORZ�
ZKLOH� WKH� GLEHQ]\O� LPSXULW\� GLG� QRW� LQIOX�
HQFH� WKH� OLJKW� \LHOG� HVVHQWLDOO\� HYHQ� DW� LWV

OHYHO�DERXW���ZW����,W�ZDV�DVVXPHG�WKDW�WKH
;�LPSXULW\�LQIOXHQFHV�QHJDWLYHO\�WKH�H[FLWD�
WLRQ�HQHUJ\�WUDQVIHU�IURP�WKH�PDWUL[�WR�WKH
HPLVVLRQ� FHQWHUV� LQ� WKH� FU\VWDO� DQG� HQWHUV
HDVLO\�WKH�WUDQV�VWLOEHQH�FU\VWDO�ODWWLFH��7KH
ODWWHU� LV� FRQILUPHG� LQGLUHFWO\� E\� GLIILFXOW\
RI� LWV� UHPRYDO�XVLQJ� WKH�FU\VWDOOL]DWLRQ�SX�
ULILFDWLRQ�PHWKRGV�

7R� LGHQWLI\� WKH� XQNQRZQ� LPSXULW\�� WKH
UHWHQWLRQ� FKDUDFWHULVWLFV� RI� DOO� WKH� FRP�
SRXQGV� XVHG� LQ� WKH� VWXG\� ZHUH� PHDVXUHG
XVLQJ� 3URFHGXUH� �� DQG� FRPSDUHG� ZLWK� WKH
VLPLODU� YDOXH� IRU� WKH� ;�LPSXULW\�� 7DEOH���
7KH� FROXPQ� WHPSHUDWXUH� ����&� LV� WKH� RSWL�
PXP� IRU� VHSDUDWLRQ� RI� WKH�PXOWLFRPSRQHQW
PRGHO�PL[WXUH�� 7KH� SUHOLPLQDU\� FRQFOXVLRQ
IURP�WKH�7DEOH��� WKDW� WKH�UHWHQWLRQ� WLPH� LV
FRLQFLGHQW� IRU� WKH� ;�LPSXULW\� DQG� IOXR�
UHQRQH�KDV�EHHQ��KRZHYHU��QRW�FRQILUPHG�LQ
WKH� IXUWKHU� LPSURYHG� H[SHULPHQW� FDUULHG
RXW�XVLQJ�3URFHGXUH���EXW�DW�FROXPQ�WHPS�
����&� �7DEOH����� 7KH� ;�LPSXULW\� DQG� IOXR�
UHQRQH� KDYH� VKRZQ� GLIIHUHQW� UHWHQWLRQ� YDO�
XHV� DOVR�ZKHQ� EHLQJ� FKURPDWRJUDSKHG� RQ� D
FROXPQ� ZLWK� QRQ�SRODU� VRUEHQW� �3URFHGXUH
���UHVXOWV�VHH�7DEOH����

7KH� ;�LPSXULW\� KDV� QRW� VKRZQ� DQ\� VLJ�
QLILFDQW�VKLIW�LQ�UHWHQWLRQ�FKDUDFWHULVWLFV�LQ
UHODWLRQ� WR�RWKHU�PL[WXUH�FRPSRQHQWV�ZKHQ
FKURPDWRJUDSKHG�XVLQJ�SRODU�DQG�QRQ�SRODU
VWDWLRQDU\�SKDVHV��7KXV�� WKDW� LPSXULW\�ZDV

7DEOH���� *DV�FKURPDWRJUDSKLF� UHWHQWLRQ
FKDUDFWHULVWLFV� �� RI� FRPSRXQGV� PRGHOLQJ
WKH�PRVW�SUREDEOH� LPSXULWLHV� LQ� WUDQV�VWLO�
EHQH��3URFHGXUH����FROXPQ�WHPS������&�

1R� &RPSRXQG 0RO��PDVV 0�S��
�& Wc5��PLQ

�� %HQ]RQLWULOH ������ Ü�� ����
�� %HQ]DOGHK\GH ������ Ü�� ����
�� %LSKHQ\O ������ �� ����
�� 'LEHQ]\O ������ ���� ����
�� FLV�6WLOEHQH ������ a� ����
�� $FHQDSKWKHQH ������ �� ����
�� %HQ]RLF�DFLG ������ ��� ����
�� 7RODQ ������ ���� ����
�� WUDQV�6WLOEHQH ������ ��� �����
��� 2UWKR�7HUSKHQ\O ������ ��Ü�� �����
��� $QWKUDFHQH ������ ��� �����
��� 3KHQDQWKUHQH ������ ��� �����
��� )OXRUHQRQH ������ �� �����
��� t�LPSXULW\ Ü Ü �����
��� ��%HQ]\OELSKHQ\O ������ �� �����
��� %HQ]RLQ ������ ��� �����
��� %HQ]DOD]LQH ������ �� �����
��� PHWD�7HUSKHQ\O ������ ��Ü�� �����
��� ��%HQ]\OGLSKHQ\O ������ �� �����
��� SDUD�7HUSKHQ\O ������ ��� �����
$EVROXWH� DGMXVWHG� UHWHQWLRQ� WLPH� FDOFXODWHG� DV
Wc5L �W5LÜW�� ZKHUH� W�� LV� WKH� UHWHQWLRQ� WLPH� RIQRQ�VRUEDEOH� FRPSRXQG� �PHWKDQH�� WKDW� LV
���� PLQ�� 5HODWLYH� UHWHQWLRQ� WLPH� RI� D� FRPSR�
QHQW�Wc5L�UHO� ���W5LÜW����W5VWLOEHQHÜW���

7DEOH���� *DV�FKURPDWRJUDSKLF� UHWHQWLRQ
FKDUDFWHULVWLFV�RI�VRPH�VWXGLHG�FRPSRXQGV
DQG�;�LPSXULW\��LPSURYHG�PHDVXUHPHQWV�
&RPSRXQG Wc5��PLQ�DW�W�� �����PLQ

Wc5�UHO

%LSKHQ\O ���� ����
'LEHQ]\O ���� ����

FLV�6WLOEHQH ����� ����
WUDQV�6WLOEHQH ����� ����
$QWKUDFHQH��
SKHQDQWKUHQH

����� ����
)OXRUHQRQH ����� ����
t�LPSXULW\ ����� ����

7DEOH���� 5HWHQWLRQ� FKDUDFWHULVWLFV� RI� WKH
PRGHO� PL[WXUH� FRPSRQHQWV� RQ� D� FROXPQ
ZLWK�QRQ�SRODU�VRUEHQW�DW�����&
&RPSRXQG Wc5��PLQ�DW�W�� �����PLQ

Wc5�UHO

'LEHQ]\O ���� ����
FLV�6WLOEHQH ���� ����

WUDQV�6WLOEHQH ���� ����
)OXRUHQRQH ���� ����
t�LPSXULW\ ����� ����
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DVVXPHG�WR�EHORQJ�DOVR� WR�SRO\F\FOLF�K\GUR�
FDUERQV� GLIIHULQJ� IURP� VWLOEHQH� E\� RQH
SKHQ\O� UDGLFDO� DQG� PRVW� OLNHO\� GRLQJ� QRW
FRQWDLQ� DQ\� KHWHURDWRP�� 2XU� DWWHPSW� WR
LGHQWLI\� WKDW� LPSXULW\� XVLQJ� ,5� VSHFWURV�
FRS\�DQG�KLJK�UHVROXWLRQ�105��9DULDQ�0HU�
FXU\�9;����� LQVWUXPHQW��ZDV�XQVXFFHVVIXO�
1R� GLIIHUHQFHV� ZHUH� UHYHDOHG� EHWZHHQ� WKH
FU\VWDO� VDPSOHV� VWXGLHG��PRVW� SUREDEO\� GXH
WR� WKH� LPSXULW\� FRQFHQWUDWLRQ� WRR� ORZ� IRU
UHOLDEOH�GHWHFWLRQ�

7KDW�SUREOHP�ZDV�VROYHG�XVLQJ�JDV�FKUR�
PDWRJUDSK\�PDVV�VSHFWURPHWU\� �*&�06�
3URFHGXUH� ���� 7KH� PROHFXODU� PDVV� RI� WKH
LPSXULW\� KDV� EHHQ� IRXQG� WR� EH� ����� 7KLV
UHVXOW�LV�FRQVLVWHQW�DW�WKH�KLJKHVW�SUREDELOLW\
���Ü������ ZLWK� WZR� SRVVLEOH� FRPSRXQGV�� ��
PHWK\OSKHQDQWKUHQH� DQG� ��PHWK\OSKHQ�
DQWWKUHQH�� 0RUH� SUREDEOH� LV� MXVW� ��PHWK\O�
SKHQDQWKUHQH� WKDW� KDV� WKH� PHOWLQJ� SRLQW
�����&��FORVHVW�WR�WKDW�RI�WUDQV�VWLOEHQH��,W�LV
ORJLFDO� WR� DVVXPH� WKDW� ��PHWK\OSKHQDQ�
WKUHQH� IRUPV� LVRPRUSKLF� FU\VWDOV� ZLWK
WUDQV�VWLOEHQH�� 7KLV� FRXOG� H[SODLQ�� LQ� SDU�
WLFXODU��WKH�IRXQG�ORZ�HIILFLHQF\�RI�VWLOEHQH
SXULILFDWLRQ�E\�]RQH�PHOWLQJ��7KH�GHILQLWLYH
FRQFOXVLRQ�RQ�WKH�;�LPSXULW\�QDWXUH�DQG�LWV
LQIOXHQFH� RQ� VFLQWLOODWLRQ� SURSHUWLHV� RI� VWLO�
EHQH�FRXOG�EH�GUDZQ�HLWKHU�XVLQJ�WKH�SUHSD�
UDWLYH� LVRODWLRQ� RI� WKH� LPSXULW\� DQG� LWV
VWUXFWXUH� GHWHUPLQDWLRQ�� RU� LQWURGXFLQJ
SXUSRVHIXOO\�PHWK\OSKHQDQWKUHQHV� LQWR� FHU�
WDLQO\�SXUH�VFLQWLOODWRU�VDPSOHV�

7KXV�� FRPELQLQJ� FKURPDWRJUDSK\� DQG
PDVV�VSHFWURPHWU\� WHFKQLTXHV�� WKH� ��
PHWK\OSKHQDQWKUHQH� LPSXULW\� KDV� EHHQ
LGHQWLILHG� LQ� WUDQV�VWLOEHQH� VDPSOHV� DQG� DF�
FXUDWH�YDOXHV�RI�DEVROXWH�DQG�UHODWLYH�UHWHQ�
WLRQ� WLPH� KDYH� EHHQ�PHDVXUHG� IRU� SUREDEOH
DFFRPSDQ\LQJ� FRPSRQHQWV� DW� IL[HG� FRQGL�
WLRQV� RI� JDV� FKURPDWRJUDSKLF� DQDO\VLV� RI
UDZ� VWLOEHQH�� 7KH� UHVXOWV� REWDLQHG� PDNH� LW
SRVVLEOH�WR�XVH� LQ�WKH�SURGXFWLRQ�FRQWURO�RI
UDZ�PDWHULDO�DQG�SXULILHG�VWLOEHQH�WKH�UHOD�
WLYHO\� LQH[SHQVLYH� DQG� RSHUDWLYH� *&� DQDO\�
VLV�XVLQJ�SDFNHG�FROXPQV�RI�WUDGLWLRQDO�JDV
FKURPDWRJUDSKV�DQG�QR�PDNH�XVH�RI�H[SHQ�
VLYH� PHWKRGV� �105�� *&�06�� LQ� URXWLQH
ZRUN��7KH�VWXGLHV�RI�VFLQWLOODWLRQ�WUDQV�VWLO�
EHQH� LPSXULW\� FRPSRVLWLRQ�PDNH� D� EDVH� IRU
PRUH� SUHFLVH� WHFKQLFDO� UHTXLUHPHQWV� DQG

VSHFLILFDWLRQV� IRU�UDZ�VWLOEHQH�DLPHG�DW�RS�
WLPL]DWLRQ� DQG� HIILFLHQF\� LPSURYHPHQW� RI
WKH�FU\VWDO�JURZWK�WHFKQRORJ\�

$FNQRZOHGJPHQW�� $XWKRUV� DUH� WKDQNIXO
WR� 0UV�� 7�5�0QDWVDNDQRYD�� ,60$� 1$68�
ZKR� DVVLVWHG� LQ� WKH� VWLOEHQH� VDPSOHV� SUHSD�
UDWLRQ�IRU�WKH�ZRUN�

5HIHUHQFHV
� ���&KHPLFDO�(QF\FORSDHGLD�%��5XVV�(��3XEO���0RVFRZ

��������S�����
� ���-�0HLVHQKHLPHU�� )�+HLP�� $QQ��� ����� ���

�������
� ���/�%�+RZDUW�� *�(�+LOEHUW�� -��$PHU��&KHP��6RF��

����������������
� ���3�3DVNDO�� /�1RUPDQG�� %XOO��6RF��&KLP��)U��� ��

�����������
� ���$�3DGZD�� 7�&DUXVR�� '�3ODFK�� -�&�6��&KHP�

&RPP���������������
� ���0�)�*UXQGRQ��(�$�.KDQ��-��&KHP��6RF���3HUNLQ

7UDQV��,��������������
� ���-�0�.KXUDQD�� %�0�.DQGSDO�� *�.XNUHMD�

3�6KDUPD��&DQ��-��&KHP�������������������
� ���$�-�7KDNXU�� $�%RUXDK�� %�%DUXDK�

-�6�6DQGKX��6\QWK��&RPPXQ������������������
� ���<�/L��7�.LMLPD��7�,]XPL��-��2UJDQRPHW��&KHP��

���������������
����&K�.XDQJ�� 4�<XDQJ�� +�6HQERNX�� 0�7RNXGD�

-��&KHP��5HV��6\QRS�����������������
����+HUEHUW�� 'UDNH�� /DQ�� -��&KHP��6RF��� ���� ���

�������
����-�-�(LVFK�� ;�6KL�� -�/D]RWD�� =��1DWXUIRUVK��� %

���������������
����5�%DDWL��&K�0LRVNRZVNL��'�%DUPD�HW�DO���2UJ�

/HWW������������������
����-�-�(LVFK�� <�4LDQ�� $�/�5KHLQJROG�� (XU��-�

,QRUJ��&KHP�������������������
����-�-�(LVFK�� ;�6KL�� -�5�$OLOD�� 6�7KLHOH�� &KHP�

%HU��������������������
����-�-�(LVFK�� <�4LDQ�� 0�6LQJK�� -��2UJDQRPHW�

&KHP�������������������
����-�0�.KXUDQD�� *�&�0DLNDS�� 6�0HKWD�� 6\QWKH�

VLV����������������
����-��3�&RUEHW��*�0LJQDQL��&KHP�5HY������������

�������
����'�0RUDOHV�0RUDOHV�� 5�5HGRQ�� &�<XQJ�

&�0�-HQVHQ��&KHP��&RPPXQ�������������������
����%�0�&KRXGDU\��6�0DGKL��1�6�&KRZGDUL�HW�DO��

-��$P��&KHP��6RF���������������������
����6�6�3URHFNO�� :�.OHLVW�� .�.RHKOHU�� 7HWUDKH�

GURQ������������������
���� 5�(�� %XFNHOHV�� '�)�.QDDUN�� -�� 2UJ�� &KHP�

�������������
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