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7KH�SURSHUWLHV� RI� VLOLFRQ�GLR[LGH�[HURJHOV�GRSHG�ZLWK� VDOWV�DQG�QDQRSDUWLFOHV� RI� LQRU�

JDQLF� FRPSRXQGV� KDYH� EHHQ� VWXGLHG�� 2SWLPL]DWLRQ� RI� WKH� V\QWKHVLV� DQG� DQQHDOLQJ� FRQGL�
WLRQV� RI�6L2�� PDWULFHV�PDGH� LW� SRVVLEOH� WR� LQFUHDVH� HVVHQWLDOO\� WKH�PLFURKDUGQHVV� RI� WKHGRSHG� VDPSOHV�� 8VLQJ� WKH� DTXDPHWU\� WHFKQLTXH�� WKHUH� ZDV� HVWDEOLVKHG� WKH� GLVWULEXWLRQ
PHFKDQLVP� RI� WKH� RI� WLWDQLXP� R[LGH� QDQRSDUWLFOHV� LQ� WKH� [HURJHO� PDWUL[� LQWHQGHG� WR
GHYHORS�WKH�QHZ�JHQHUDWLRQ�RI�OXPLQHVFHQW�PDWHULDOV��7R�REWDLQ�D�PRLVWXUH�UHVLVWDQW�PDWHULDO�
ZLWK� LQFUHDVHG�VHUYLFH� OLIH�� LW�KDV�EHHQ�SURSRVHG�WR�GRSH�WKH�[HURJHO�PDWULFHV�ZLWK�WLWDQLXP
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2[LGH� JODVV�FHUDPLF� 6L2�� PDWULFHV� FRQ�WDLQLQJ� PLFUR�� RU� QDQRSDUWLFOHV� RI� OLJKW�
HPLWWLQJ� UDUH�HDUWK� FRPSRXQGV� DUH� D�SURP�
LVLQJ� SKRWRQLF� PHGLD� ZLWK� KLJK� FKHPLFDO
VWDELOLW\�DQG�PHFKDQLFDO�VWUHQJWK�>�@��5DUH�
HDUWK� HOHPHQWV� PD\� EH� D� JRRG� DOWHUQDWLYH
IRU� WKHUPDOO\� XQVWDEOH� G\HV� EHLQJ� DSSOLHG
ZLGHO\�WR�GRSH�6L2��PDWULFHV�IRU�ODVHU�IDFLOL�WLHV�� +RZHYHU�� QR� GHWDLOHG� LQIRUPDWLRQ� RQ
WKH�FRQGLWLRQV�RI� WKH� V\QWKHVLV�RI� VXFK�PD�
WHULDOV�DQG�WKHLU�SK\VLFR�PHFKDQLFDO�SURSHU�
WLHV�LV�DYDLODEOH�LQ�OLWHUDWXUH�>����@�

7KH� DLP� RI� WKLV�ZRUN�ZDV� WR� LQYHVWLJDWH
WKH� SURSHUWLHV� RI� VLOLFRQ� GLR[LGH� [HURJHOV
GRSHG� ZLWK� VDOWV� RU� QDQRSDUWLFOHV� RI� LQRU�
JDQLF�FRPSRXQGV�DQG�SRVVHVVLQJ�KLJK�PLFUR�
KDUGQHVV�DQG�FUDFNLQJ�UHVLVWDQFH��

6L2�� PDWULFHV� ZHUH� V\QWKHVL]HG� E\� WKHVRO�JHO�PHWKRG�>�@�LQ�PRGLILHG�FRQGLWLRQV�RI
WHWUDPHWKR[\VLODQH� K\GURO\VLV� DQG� SRO\FRQ�
GHQVDWLRQ�RI�WKH�IRUPHG�FRPSRXQGV��,Q�SDU�

WLFXODU�� ZKLOH� UXQQLQJ� WKH� VRO�JHO� SURFHVV�
WKH�PHGLXP�DFLGLW\�ZDV�YDULHG��DQG�YRODWLOH
FRPSRQHQWV� ZHUH� VLPXOWDQHRXVO\� UHPRYHG�
7KH�WHWUDPHWKR[\VLODQH��7026��FKRVHQ�DV�D
SUHFXUVRU�ZDV�K\GUROL]HG�LQ�DTXHRXV�PHWKD�
QRO� VROXWLRQ� XVLQJ� K\GURFKORULF� RU� QLWULF
DFLG� DV� D� FDWDO\VW�� 7KH� LQRUJDQLF� GRSDQWV
ZHUH� LQFRUSRUDWHG� LQWR� WKH�PDWUL[� DW� URRP
WHPSHUDWXUH� XVLQJ� HLWKHU� DTXHRXV� VROXWLRQV
RI� QLWUDWHV� RI� UDUH�HDUWK� HOHPHQWV
5H�12����� ZKHUH� 5H� �&H���� 7E���� /D���
(X��� �ZLWK� ����� PDVV�� �� VDOW� FRQFHQWUD�
WLRQ��� RU� FROORLG� DTXHRXV� VROXWLRQV� RI� WHU�
ELXP�GRSHG� FHULXP� RUWKRSKRVSKDWH
&H32��7E�����PRO������DQG�HXURSLXP�GRSHG
ODQWKDQXP� RUWKRSKRVSKDWH� /D32��(X���� PRO�� ���� DV� ZHOO� DV� WLWDQLXP� R[LGH
QDQRSDUWLFOH� SRZGHU� GLVSHUVHG� LQ� ZDWHU� RU
LQ�PHWKDQRO��7KH� VL]H�RI� FHULXP�RUWKRSKRV�
SKDWH� DQG� WLWDQLXP� R[LGH� SDUWLFOHV�ZDV� DS�
SUR[LPDWHO\���QP�DQG����QP�� UHVSHFWLYHO\�
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,W�KDV�EHHQ� IRXQG�WKDW�KRPRJHQHRXV�GLVWUL�
EXWLRQ� RI� WKH� LQRUJDQLF� FRPSRQHQWV� LQ� WKH
PDWUL[�ZDV�DFKLHYHG�LQ�WKH�FDVHV�ZKHQ��WKH
GRSLQJ�DGGLWLRQV�ZHUH�LQWURGXFHG�LQ�WKH�IRUP
RI� WUXH� VROXWLRQV� RI� ODQWKDQRLG� VDOWV�� FROORLG
VROXWLRQV� RI� WKH� RUWKRSKRVSKDWHV�� RU� WLWDQLXP
R[LGH�QDQRSDUWLFOHV�LQ�WKH�FRXUVH�RI�7026�K\�
GURO\VLV�� 7R� DYRLG� SKDVH� VHSDUDWLRQ� >�@�� WKH
FRQFHQWUDWLRQV�RI�WKH�DGGLWLYHV�ZHUH�QRW�KLJKHU
WKDQ�����PDVV����

7R�REWDLQ� WKH�[HURJHO�� WKH� UHDFWLRQ�PL[�
WXUH�ZDV�PL[HG�WKRURXJKO\�WRJHWKHU�ZLWK�D
ILOOHU�DQG�FDVW�LQWR�SODVWLF�FRQWDLQHUV�RI�GLI�
IHUHQW� VL]H� DQG� VKDSH�� WKHQ� WKH� FRQWDLQHUV
ZHUH� KHUPHWLFDOO\� � VHDOHG�� 7KH� JHO� IRUPD�
WLRQ� ODVWHG� � ��Ü��� KUV�� $JHLQJ� DQG� GU\LQJ
ZHUH�UHDOL]HG�DW���Ü���&�GXULQJ��Ü��ZHHNV�
GHSHQGLQJ�RQ�WKH�VDPSOH�LQLWLDO�YROXPH��7KH
GULHG� VDPSOHV� ZHUH� DQQHDOHG� DW� ���Ü����&
HLWKHU� LQ� DLU� RU� LQ� YDFXXP�� GHSHQGLQJ� RQ
WKH�GRSDQW�W\SH���

7KH� VDPSOH� PDVV� ORVV� ZKLFK� DPRXQWHG
a�����ZDV� GHWHUPLQHG� IURP� WKH�PDVV� GLI�
IHUHQFH�EHIRUH�DQG�DIWHU�GU\LQJ�DQG�FDOFLQD�
WLRQ�RI�6L2��PDWULFHV��7KH�XVH�RI�VXFK�GDWDZKLOH� FDOFXODWLQJ� WKH� LQLWLDO� FRQFHQWUDWLRQ
RI� WKH� LQWURGXFHG� DGGLWLYHV� WR� HQVXUH� WKDW
WKH� WKUHVKROG� FRQFHQWUDWLRQ� LQ� WKH� UHDG\
PDWHULDO� ��� PDVV�� ��� ZLOO� QRW� WR� EH� H[�
FHHGHG��WKXV�DYRLGLQJ�WKH�PDWUL[�OD\HULQJ���

)LJ���� SUHVHQWV� D� SKRWR� RI� WUDQVSDUHQW
6L2�� PDWUL[� V\QWKHVL]HG� E\� WKH� GHVFULEHGWHFKQRORJ\�� $V� VHHQ� IURP� WKH� PLFURSKRWR�
JUDSKV�REWDLQHG�XVLQJ�DQ�2OLPSXV�,;���PL�
FURVFRSH��WKLV�PDWUL[�LV�D�KLJKO\�SRURXV�PD�
WHULDO� �)LJ������ 7KH� SRURVLW\� DQG� GHQVLW\� RI
WKH� V\QWKHVL]HG� PDWHULDO� ZHUH� GHWHUPLQHG
E\� K\GURVWDWLF� ZHLJKLQJ� >�@�� 'HSHQGLQJ� RQ
WKH� KHDW� WUHDWPHQW� FRQGLWLRQV�� WKH�SRURVLW\
UDQJHG� EHWZHHQ� ��� DQG� ������ WKH� GHQVLW\
ZDV� ZLWKLQ� OLPLWV� RI� ����� WR� ����� J�FP��
ZKLFK�DJUHHG�ZLWK�WKH�OLWHUDWXUH�GDWD�>����@�

0LFURKDUGQHVV�PHDVXUHG�XVXDOO\�E\�9LFN�
HUV� GLDPRQG� S\UDPLG� LV� D� VLJQLILFDQW� PH�

FKDQLFDO� FKDUDFWHULVWLF� RI� [HURJHOV�� $V� KDV
EHHQ� HVWDEOLVKHG� LQ� WKLV� ZRUN�� GRSLQJ� ZLWK
LQRUJDQLF� VDOWV� DQG� SDUWLFOHV� E\� WKH� SUR�
SRVHG� WHFKQRORJ\� GRHV� QRW� FDXVH� DQ\� GHWH�
ULRUDWLRQ�RI�WKH�VDLG�SDUDPHWHU��VLQFH�XQGHU
H[WHUQDO� ORDG� RI� ���� J� WKH� PLFURKDUGQHVV
YDOXH�IRU�WKH�DGGLWLYH�IUHH�[HURJHOV�DQG�WKDW
IRU�WKH�GRSHG�VDPSOHV�GLIIHU�LQVLJQLILFDQWO\�
DQG� RQ� WKH� DYHUDJH� DPRXQWV� ���� NJ�PP��
7KH�PLFURKDUGQHVV�GDWD�DYDLODEOH�LQ�WKH�OLW�
HUDWXUH� DUH� ORZHU� DQG� GR� QRW� H[FHHG
���NJ�PP��� WKHUHIRUH�� LW�PD\�EH�FRQFOXGHG
WKDW� RSWLPL]DWLRQ� RI� WKH� V\QWKHVLV� FRQGL�
WLRQV� DOORZV� WR� REWDLQ� GRSHG� [HURJHOV� ZLWK
LPSURYHG�PHFKDQLFDO�SURSHUWLHV�>����@��

7KH� XQGRSHG� [HURJHO� PDWULFHV� VWRUHG
GXULQJ����GD\V�LQ�DLU�EHFDPH�FORXG\��,Q�RXU
RSLQLRQ�� VXFK� D� ZRUVHQLQJ� RI� WKH� RSWLFDO
SURSHUWLHV� LV� FRQQHFWHG�ZLWK� � VDWXUDWLRQ� RI
WKH�[HURJHO�SRUHV�ZLWK�ZDWHU�IURP�DLU��3UH�
VHQWHG�LQ�WKH�7DEOH�DUH�WKH�VWXG\�UHVXOWV�RI
ZDWHU� DEVRUSWLRQ� SURSHUWLHV� RI� 6L2�� PDWUL�FHV�� LQFOXGLQJ� WKH� [HURJHO� VDPSOHV� WUHDWHG
ZLWK� QLWURFHOOXORVH� ODFTXHU� ZKLFK� LVRODWHV
WKH� PDWUL[� IURP� DPELHQW� DLU�� 7KH� ZDWHU
FRQWHQW� LQ�WKH� LQYHVWLJDWHG�[HURJHO� VDPSOHV
ZDV�GHWHUPLQHG�E\� WLWUDWLRQ�ZLWK�YLVXDO� LQ�
GLFDWLRQ� RI� WKH� HQG� SRLQW� E\� WKH�.�)LVFKHU
PHWKRG�� XVLQJ� WKH� VHWXS� SURYLGLQJ� SURWHF�
WLRQ� RI� WKH� UHDJHQW� DQG� WKH� VDPSOH� DJDLQVW
DWPRVSKHULF�PRLVWXUH� DFFRUGLQJ� WR� WKH�SUR�
FHGXUH� GHVFULEHG� LQ� >��@�� $V� DQ� H[WUDFWLRQ
DJHQW�� PHWKDQRO� ZDV� DSSOLHG� LQWR� ZKLFK
ZDWHU�ZDV�H[WUDFWHG�GXULQJ�FRQWLQXRXV�VWLU�
ULQJ� WKH� PL[WXUH� E\� D� PDJQHWLF� PL[HU�
,W� ZDV� HVWDEOLVKHG� WKDW� FRPSOHWH� ZDWHU� H[�
WUDFWLRQ� IURP� WKH� QRQ�DQQHDOHG� DQG� DQ�
QHDOHG� [HURJHO� VDPSOHV� ODVWHG� ��� PLQXWHV�
7KH� 7DEOH� GDWD� WHVWLI\� WKDW� QRQ�DQQHDOHG
[HURJHO�GULHG�DW���Ü���&�WR�D�FRQVWDQW�PDVV
FRQWDLQV� D� UDWKHU� KLJK� �����r����PDVV����
ZDWHU� DPRXQW��0RUHRYHU�� WKH� XVH� RI� QLWUR�

)LJ�����6L2��PDWUL[�VDPSOH� )LJ�����0LFURSKRWRV�RI�WKH�6L2��PDWUL[�LQ�WZRSODQHV�LQ�WUDQVPLWWHG�OLJKW����JUDGXDWLRQ�OLQH
LV������PP��
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FHOOXORVH��ODFTXHU�HIILFLHQWO\�SURWHFWV�WKH�[HUR�
JHO�PDWUL[� DJDLQVW� KXPLGLILFDWLRQ� ERWK� �ZKLOH
VWRULQJ�LW�LQ�DLU�DQG�LPPHUVLRQ�LQ�ZDWHU���

7KH� DTXDPHWU\� WHFKQLTXH� ZDV� DOVR� XVHG
WR� FOHDU� XS� WKH� GLVWULEXWLRQ� PHFKDQLVP� RI
WKH� RI� WLWDQLXP� R[LGH� QDQRSDUWLFOHV� LQ� WKH
[HURJHO� PDWUL[�� 8VLQJ� WKH� .�)LVFKHU
PHWKRG�� LW� KDV� EHHQ� HVWDEOLVKHG� WKDW� DIWHU
���GD\� VWRUDJH�� WKH� [HURJHO� VDPSOHV� GRSHG
ZLWK�WLWDQLXP�R[LGH��LUUHVSHFWLYH�RI�WKH�VRO�
YHQW� XVHG� IRU� LWV� GLVSHUVLRQ�� FRQWDLQ
���r����PDVV����RI�ZDWHU��6XFK�D�IDFW�LV�LQ
JRRG� DJUHHPHQW� ZLWK� WKH� PRLVWXUH� FRQWHQW
LQ�WKH�[HURJHO�VDPSOHV�WUHDWHG�ZLWK�QLWURFHO�
OXORVH� ODFTXHU� DQG� VWRUHG� LQ� DLU� GXULQJ� WKH
VDPH� WLPH� �VHH� WKH� 7DEOH��� ,Q� WKLV� FRQQHF�
WLRQ�� LW� VKRXOG� EH� FRQFOXGHG� WKDW� WKH
QDQRSDUWLFOHV� DUH� ORFDWHG� PDLQO\� DW� WKH
VROLG�DLU� LQWHUIDFH� DQG�� VLPLODU� WR� QLWURFHO�
OXORVH� � ODFTXHU�� EORFN� WKH� SRUHV� KRPRJHQH�
RXVO\�RYHU�WKH�ZKROH�[HURJHO�YROXPH��7KXV�
WKH� WLWDQLXP� R[LGH� LQWURGXFWLRQ� LQWR� WKH
[HURJHO� PDWUL[� DOORZV� QRW� RQO\� WR� REWDLQ
DGYDQFHG�OXPLQHVFHQW�PDWHULDOV��EXW�DOVR�WR

UHGXFH� HVVHQWLDOO\� WKHLU� ZDWHU� DEVRUSWLRQ
SURSHUW\�
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