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� ,QWURGXFWLRQ

$V�D�UHDFWLRQ�PHGLXP�IRU�WUDQVLWLRQ�PHWDO�FDWDO\]HG�SRO\PHUL]DWLRQV��PRVW�OLNHO\�RQH
ZLOO� QRW� FRQVLGHU�ZDWHU� DV� ILUVW� FKRLFH�� 7KH� H[WUHPH�ZDWHU� VHQVLWLYLW\� RI� =LHJOHU� RU� 3KLOOLSV
FDWDO\VWV� LV�ZHOO�NQRZQ��+RZHYHU��FDUU\LQJ�RXW�SRO\PHUL]DWLRQ�UHDFWLRQV�LQ�DTXHRXV�V\VWHPV
RIIHUV� XQLTXH� DGYDQWDJHV�� 7KXV�� WUDGLWLRQDO� IUHH�UDGLFDO� HPXOVLRQ� DQG� VXVSHQVLRQ
SRO\PHUL]DWLRQ�DUH�FDUULHG�RXW�RQ�D�ODUJH�VFDOH�LQGXVWULDOO\��$�EULHI�UHYLHZ�RI�WKHVH�HVWDEOLVKHG
UHDFWLRQV�GHPRQVWUDWHV�VRPH�VSHFLILF�SURSHUWLHV�RI�SRO\PHUL]DWLRQV�LQ�DTXHRXV�V\VWHPV�
��� 7UDGLWLRQDO�IUHH�UDGLFDO�SRO\PHUL]DWLRQ�LQ�DTXHRXV�V\VWHPV

,Q�HPXOVLRQ�SRO\PHUL]DWLRQ��SRO\PHU�ODWLFHV�DUH�REWDLQHG�DV�D�SURGXFW�>���@ $�SRO\PHU
ODWH[� LV�D�VWDEOH�GLVSHUVLRQ�RI�SRO\PHU�SDUWLFOHV� LQ� WKH� VL]H� UDQJH�RI�FD����� WR������QP� LQ�D
OLTXLG�PHGLXP��XVXDOO\�ZDWHU��/DWLFHV�DUH�DOVR�UHIHUUHG�WR�DV�SRO\PHU�GLVSHUVLRQV��RU�SRO\PHU
FROORLGV�� ,Q� VXFK� ODWLFHV�� FRDJXODWLRQ� DQG� SUHFLSLWDWLRQ� RI� WKH� SRO\PHU� SDUWLFOHV� PXVW� EH
SUHYHQWHG��6WDELOL]DWLRQ�FDQ�RFFXU�E\�GLIIHUHQW�PHFKDQLVPV��E\�HOHFWURVWDWLF�UHSXOVLRQ�EHWZHHQ
WKH�GLIIXVH�FRXQWHULRQ�OD\HUV�VXUURXQGLQJ�SDUWLFOHV��HOHFWURVWDWLF�VWDELOL]DWLRQ���RU�E\�PHDQV�RI
D� OD\HU�RI�SRO\PHU�RQ� WKH�SDUWLFOH� VXUIDFH��ZKLFK�KDV�D�JRRG�PLVFLELOLW\�ZLWK� WKH�GLVSHUVLQJ
PHGLXP�DQG� WKXV� UHVXOWV� LQ� UHSXOVLRQ�ZKHQ� WKH�SRO\PHU� OD\HUV�RI� WZR�DSSURDFKLQJ�SDUWLFOHV
JHW� LQ�FRQWDFW� �VWHULF�VWDELOL]DWLRQ���(OHFWURVWDWLF�VWDELOL]DWLRQ�PRVW�RIWHQ� LQYROYHV� LRQLF� ORZ�
PROHFXODU�ZHLJKW� VXUIDFWDQWV� DGVRUEHG� WR� WKH�SDUWLFOH� VXUIDFH��ZKHUHDV� VWHULF� VWDELOL]DWLRQ� LV
XVXDOO\�EURXJKW�DERXW�E\�ZDWHU�VROXEOH�SRO\PHUV�DGVRUEHG�RU�FRYDOHQWO\�ERXQG�WR�WKH�SDUWLFOH
VXUIDFH��7KH�PHFKDQLVP�RI�IUHH�UDGLFDO�HPXOVLRQ�SRO\PHUL]DWLRQ�LV�FRPSOH[��QRQHWKHOHVV�WKH
IROORZLQJ�VLPSOLILHG�FRQVLGHUDWLRQV�FDQ�LOOXVWUDWH�XQGHUO\LQJ�SULQFLSOHV�

,Q� D� W\SLFDO� DTXHRXV� HPXOVLRQ� SRO\PHUL]DWLRQ�� D� ZDWHU�LPPLVFLEOH� PRQRPHU� LV



�
SRO\PHUL]HG� LQ� WKH� SUHVHQFH� RI� D� VXUIDFWDQW� HPSOR\LQJ� D� ZDWHU�VROXEOH� LQLWLDWRU�� VXFK� DV
SRWDVVLXP� SHUR[RGLVXOIDWH�� $� ZDWHU�VROXEOH� UDGLFDO�� H�J�� Â62�� IRUPHG� E\� WKHUPDO
GHFRPSRVLWLRQ�RI�WKH�LQLWLDWRU��JURZV�E\�DGGLWLRQ�RI�PRQRPHU�GLVVROYHG�LQ�WKH�DTXHRXV�SKDVH
�DOVR� IRU� µZDWHU�LPPLVFLEOH¶�PRQRPHUV� D� VPDOO� HTXLOLEULXP� FRQFHQWUDWLRQ� LV� SUHVHQW� LQ� WKH
DTXHRXV�SKDVH���5HSHDWHG�PRQRPHU�DGGLWLRQ�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�DQ�ROLJRPHULF�UDGLFDO�
ZKLFK� LV� LQLWLDOO\�ZDWHU�VROXEOH� GXH� WR� WKH� LQFRUSRUDWHG� VXOIDWH�PRLHW\� �6FKHPH� ������ 8SRQ
UHDFKLQJ� D� FHUWDLQ� FULWLFDO� FKDLQ� OHQJWK� WKH� JURZLQJ� UDGLFDO� FKDLQ� EHFRPHV� LQVROXEOH� DQG
FROODSVHV� XSRQ� LWVHOI�� WKXV� QXFOHDWLQJ� D� SDUWLFOH� �
KRPRJHQHRXV� QXFOHDWLRQ
��� 7KLV� SULPDU\
SDUWLFOH�LV�VWDELOL]HG�E\�DGVRUSWLRQ�RI�VXUIDFWDQW��DQG�IXUWKHU�SRO\PHUL]DWLRQ�ZLWKLQ�WKH�SDUWLFOH
UHVXOWV� LQ� SDUWLFOH� JURZWK�� $OWHUQDWHO\�� D� SDUWLFOH� FDQ� EH� QXFOHDWHG� E\� WKH� ZDWHU�VROXEOH
ROLJRPHU� HQWHULQJ� D� VXUIDFWDQW� PLFHOOH� SULRU� WR� UHDFKLQJ� LWV� FULWLFDO� FKDLQ� OHQJWK
�
KHWHURJHQHRXV�PLFHOODU�QXFOHDWLRQ
��

'XULQJ�HPXOVLRQ�SRO\PHUL]DWLRQ�WKH�HPXOVLILHG�PRQRPHU�GURSOHWV�VHUYH�DV�D�UHVHUYRLU
IRU� PRQRPHU�� KRZHYHU� SRO\PHUL]DWLRQ� XVXDOO\� GRHV� QRW� RFFXU� LQ� WKHVH� GURSOHWV� EXW� LQ� WKH
IRUPHG�SRO\PHU�SDUWLFOHV�WR�ZKLFK�WKH�PRQRPHUV�GLIIXVHV WKURXJK�WKH�DTXHRXV�SKDVH��6FKHPH
�����

3DUWLFXODU�IHDWXUHV�RI�HPXOVLRQ�SRO\PHUL]DWLRQ�DQG�SRO\PHU�ODWLFHV�DUH�
x $IWHU�WKH�SRO\PHUL]DWLRQ��WKH�SRO\PHU�FDQ�EH�LVRODWHG�E\�SUHFLSLWDWLRQ�EXW�IRU�PDQ\

DSSOLFDWLRQV�ODWLFHV�DUH�XVHG�DV�VXFK��)LOP�IRUPDWLRQ XSRQ�HYDSRUDWLRQ�RI�WKH�GLVSHUVLQJ
PHGLXP��6FKHPH������LV�D�NH\�VWHS�LQ�PDQ\�DSSOLFDWLRQV��DQG�WKH�IDFW�WKDW�FROORLGV�DUH
FRPSRVHG�RI�VXEPLFURQ�SDUWLFOHV�LV�DGYDQWDJHRXV�IRU�WKH�FDSDELOLW\�WR�IRUP�FRQWLQXRXV
ILOPV�

x :DWHU�LV�QRQ�IODPPDEOH�DQG�QRQ�WR[LF��7KLV�LV�DGYDQWDJHRXV�QRW�RQO\�LQ�WKH
SRO\PHUL]DWLRQ�SURFHVV��EXW�SDUWLFXODUO\�LQ�DSSOLFDWLRQV��%\�ILOP�IRUPDWLRQ�IURP�ODWLFHV�



�
VHYHUDO�PLOOLRQ�WRQV�RI�ZDWHU�DUH�HYDSRUDWHG�LQWR�WKH�DWPRVSKHUH�DQQXDOO\�

x 3DUWLFOH�VL]HV FDQ�EH�FRQWUROOHG�SUHFLVHO\�LQ�VRPH�FDVHV��DOEHLW�XVXDOO\�LQYROYLQJ�WULDO�DQG
HUURU���)RU�H[DPSOH��PRQRGLVSHUVH�SRO\VW\UHQH�ODWLFHV�VXLWDEOH�DV�FDOLEUDWLRQ�VWDQGDUGV�FDQ
EH�SUHSDUHG�FRQYHQLHQWO\�E\�HPXOVLRQ�SRO\PHUL]DWLRQ�

x 'XH�WR�WKH�NLQHWLFV�RI�WKH�SRO\PHUL]DWLRQ�LQ�VPDOO�SDUWLFOHV��HPXOVLRQ�SRO\PHUL]DWLRQ
DOORZV�IRU�KLJK�SRO\PHUL]DWLRQ�UDWHV�DQG�DOVR�KLJK�SRO\PHU�PROHFXODU�ZHLJKWV�DW�WKH�VDPH
WLPH��7KLV�GLIIHUV�IURP�IUHH�UDGLFDO�SRO\PHUL]DWLRQ�LQ�EXON��ZKHUH�DQ�LQFUHDVH�LQ�UDWH
RFFXUV�DW�WKH�H[SHQVH�RI�PROHFXODU�ZHLJKW�DQG�YLFH�YHUVD��+RZHYHU��WKLV�LV�REYLRXVO\�D
IHDWXUH�RI�FODVVLFDO�IUHH�UDGLFDO�SRO\PHUL]DWLRQ�DQG�PXVW�WKHUHIRUH�QRW�EH�FRQVLGHUHG
IXUWKHU�LQ�WKH�FRQWH[W�RI�PRVW�WUDQVLWLRQ�PHWDO�FDWDO\]HG�SRO\PHUL]DWLRQV�

x 3RO\PHU�ODWLFHV�SRVVHVV�D�ORZ�YLVFRVLW\ E\�FRPSDULVRQ�WR�D�VROXWLRQ�RI�WKH�SRO\PHU�LQ�DQ
RUJDQLF�VROYHQW��'XULQJ�WKH�SRO\PHUL]DWLRQ�SURFHVV��WKLV�HQDEOHV�KLJK�\LHOGV�SHU�UHDFWRU
YROXPH��7KH�ODWH[�SURGXFWV�FDQ�EH�KDQGOHG�UHDGLO\��H�J��WKH\�FDQ�EH�SXPSHG��$OVR��PDQ\
DSSOLFDWLRQV�UHTXLUH�D�UHVWULFWHG�YLVFRVLW\��3RO\PHU�GLVSHUVLRQV�ZLWK�XS�WR�����VROLGV
FRQWHQWV��WKDW�LV�WKH�DTXHRXV�GLVSHUVLRQ�FRQWDLQV�RQO\����ZHLJKW���ZDWHU��DUH�SUHSDUHG
FRPPHUFLDOO\�
$TXHRXV�GLVSHUVLRQV�RI�SRO\�YLQ\O�DFHWDWH��DQG�YLQ\O�DFHWDWH�HWK\OHQH�FRSRO\PHUV��KRPR�

DQG�FRSRO\PHUV�RI�DFU\OLF�PRQRPHUV��DQG�VW\UHQH�EXWDGLHQH�FRSRO\PHUV�DUH�WKH�PRVW
LPSRUWDQW�W\SHV�RI�SRO\PHU�ODWLFHV�WRGD\��$SSOLFDWLRQV�FRPSULVH�SDLQWV��FRDWLQJV��DGKHVLYHV�
SDSHU�PDQXIDFWXULQJ��OHDWKHU�PDQXIDFWXULQJ��WH[WLOHV�DQG�RWKHU�LQGXVWULHV�

,Q�DGGLWLRQ�WR�HPXOVLRQ�SRO\PHUL]DWLRQ��RWKHU�DTXHRXV�IUHH�UDGLFDO�SRO\PHUL]DWLRQV�DUH
DSSOLHG�RQ�D�ODUJH�VFDOH��,Q�VXVSHQVLRQ�SRO\PHUL]DWLRQ D�ZDWHU�LPPLVFLEOH�ROHILQLF�PRQRPHU�LV



�
DOVR� SRO\PHUL]HG�� +RZHYHU�� E\� FRQWUDVW� WR� HPXOVLRQ� SRO\PHUL]DWLRQ� D� PRQRPHU�VROXEOH
LQLWLDWRU� LV� HPSOR\HG�� DQG� XVXDOO\� QR� VXUIDFWDQW� LV� DGGHG�� 3RO\PHUL]DWLRQ� RFFXUV� LQ� WKH
PRQRPHU� GURSOHWV�� ZLWK� NLQHWLFV� VLPLODU� WR� EXON� SRO\PHUL]DWLRQ�� 7KH� SDUWLFOHV� REWDLQHG� DUH
PXFK�ODUJHU��!�����P��WKDQ�LQ�HPXOVLRQ�SRO\PHUL]DWLRQ��DQG�WKH\�GR�QRW�IRUP�VWDEOH� ODWLFHV
EXW�SUHFLSLWDWH�GXULQJ�SRO\PHUL]DWLRQ��6FKHPH������

0LQLHPXOVLRQ�SRO\PHUL]DWLRQ UHSUHVHQWV�D�VSHFLDO�WHFKQLTXH��0LQLHPXOVLRQV>���@ FDQ�EH
SUHSDUHG�E\�VXEMHFWLQJ�D�PL[WXUH�RI�ZDWHU��D�VXUIDFWDQW��DQ�RUJDQLF�SKDVH�DQG�D�VPDOO�SRUWLRQ
RI� D� VR�FDOOHG� K\GURSKREH� WR� KLJK� VKHDU��+LJK� VKHDU� UHVXOWV� LQ� WKH� IRUPDWLRQ� RI� YHU\� VPDOO
GURSOHWV�� 7KHVH� DUH� VWDELOL]HG� WRZDUGV� 2VWZDOG�ULSHQLQJ>�@ WR� ODUJHU� GURSOHWV� E\� WKH
K\GURSKREH�� 7\SLFDO� GURSOHW� VL]HV� DUH� LQ� WKH� UDQJH� RI� ��� WR� ���� QP�� ,Q� PLQLHPXOVLRQ
SRO\PHUL]DWLRQ�D�PLQLHPXOVLILHG�PRQRPHU�LV�SRO\PHUL]HG�WR�D�ODWH[��SRO\PHUL]DWLRQ�RFFXULQJ
LQ�WKH�GURSOHWV�E\�FRQWUDVW�WR�HPXOVLRQ�SRO\PHUL]DWLRQ�

,GHDOO\��WKH�ODWH[�SDUWLFOHV�UHVHPEOH�UHSOLFD�RI�WKH�PRQRPHU�GURSOHWV��6FKHPH�������$V
WKH� PRQRPHU� PXVW� QRW� GLIIXVH� WKURXJK� WKH� DTXHRXV� SKDVH�� E\� FRQWUDVW� WR� HPXOVLRQ
SRO\PHUL]DWLRQ�� DOVR� YHU\� K\GURSKRELF�ZDWHU�LQVROXEOH�PRQRPHUV� FDQ� EH� SRO\PHUL]HG� ZLWK
JRRG�UDWHV��:DWHU�LQVROXEOH�LQLWLDWRUV��EXW�DOVR�ZDWHU�VROXEOH�LQLWLDWRUV�FDQ�EH�XWLOL]HG��,Q�WKH
ODWWHU� FDVH�� HQWU\� LQWR� PRQRPHU� GURSOHWV�� ZKLFK� XVXDOO\� GRHV� QRW� RFFXU� LQ� HPXOVLRQ
SRO\PHUL]DWLRQ�� LV� IDYRUHG� E\� WKH� YHU\� KLJK� QXPEHU� RI� VPDOO� GURSOHWV�� 7KH� DGYDQWDJHV� RI
PLQLHPXOVLRQ�SRO\PHUL]DWLRQ�DUH�FRQWUDVWHG�E\�WKH�UHTXLUHPHQW�RI�LQWURGXFLQJ�KLJK�VKHDU�IRU
PLQLHPXOVLILFDWLRQ�� ZKLFK� LV� QRW� URXWLQH� RQ� D� ODUJHU� VFDOH�� )RU� WKLV� UHDVRQ�� LQGXVWULDO
DSSOLFDWLRQV�DUH�OLPLWHG�WR�GDWH�>�@

,Q�GLVSHUVLRQ�SRO\PHUL]DWLRQ��E\�FRQWUDVW�WR�HPXOVLRQ�RU�VXVSHQVLRQ�SRO\PHUL]DWLRQ�D
PRQRPHU� ZKLFK� LV� VROXEOH� LQ� WKH� UHDFWLRQ� PHGLXP� LV� SRO\PHUL]HG�� ,Q� DQDORJ\� WR� WKH
DIRUHPHQWLRQHG� W\SHV� RI� SRO\PHUL]DWLRQ�� DQ� LQVROXEOH� SRO\PHU� LV� REWDLQHG�� 7KH� UHDFWLRQ� LV



�
FDUULHG�RXW� LQ� WKH�SUHVHQFH�RI�QRQ�LRQLF�VXUIDFWDQWV�RU�VROXEOH�SRO\PHUV��ZKLFK�FDQ�VWDELOL]H
WKH�SRO\PHU�SDUWLFOHV�JHQHUDWHG�WR�IRUP�D�VWDEOH�ODWH[��:LWK�SDUWLFOH�VL]HV�RI�FD����WR�����P�
GLVSHUVLRQ�SRO\PHUL]DWLRQ�FDQ�FRYHU�WKH�SDUWLFOH�VL]H�UDQJH�EHWZHHQ�HPXOVLRQ�DQG�VXVSHQVLRQ
SRO\PHUL]DWLRQ�

,Q� DTXHRXV� VROXWLRQ� SRO\PHUL]DWLRQ D� ZDWHU�VROXEOH� PRQRPHU� LV� SRO\PHUL]HG� WR� D
ZDWHU�VROXEOH� SRO\PHU�� )RU� H[DPSOH�� SRO\DFU\OLF� DFLG� LV� SURGXFHG� RQ� D� ODUJH� VFDOH� E\� IUHH
UDGLFDO� WHFKQLTXHV� LQ� WKLV�PDQQHU�>��@ $JDLQ�� WKH�QRQ�IODPPDELOLW\�DQG�KLJK�KHDW� FDSDFLW\�RI
ZDWHU� DUH� DGYDQWDJHRXV�� 6XFK� SRO\PHUL]DWLRQV� LQ� KRPRJHQHRXV� VROXWLRQ� FDQ� RIIHU� EHWWHU
PROHFXODU�ZHLJKW� FRQWURO� E\� FRPSDULVRQ� WR� SRO\PHUL]DWLRQ� LQ� D�PXOWLSKDVH� V\VWHP� LQ� VRPH
FDVHV�
��� *HQHUDO�DVSHFWV�RI�WUDQVLWLRQ�PHWDO�FDWDO\]HG�SRO\PHUL]DWLRQ�LQ�DTXHRXV
V\VWHPV

7KH�SUHYLRXV� VHFWLRQ�GHPRQVWUDWHV� WKH�XWLOLW\�RI�SRO\PHUL]DWLRQ� UHDFWLRQV� LQ� DTXHRXV
V\VWHPV�� &DUU\LQJ� RXW� WUDQVLWLRQ� PHWDO� FDWDO\]HG� SRO\PHUL]DWLRQV� LQ� DTXHRXV� V\VWHPV� LV� RI
VWURQJ� LQWHUHVW�� DV� WKH\� FDQ� DIIRUG� D� YDULHW\� RI� QHZ� PDWHULDOV� QRW� DFFHVVLEOH� E\� WKH
DIRUHPHQWLRQHG� HVWDEOLVKHG� IUHH� UDGLFDO� WHFKQLTXHV�� 7KXV�� YDULRXV� PRQRPHUV� VXEMHFW� WR
FDWDO\WLF�SRO\PHUL]DWLRQ�FDQ�QRW�EH�SRO\PHUL]HG�E\�IUHH�UDGLFDO�SRO\PHUL]DWLRQ��DQG�FDWDO\WLF
SRO\PHUL]DWLRQ�DOVR�RIIHUV�DFFHVV� WR�RWKHU�SRO\PHU�PLFURVWUXFWXUHV�� ,Q�DGGLWLRQ��D�FRQWURO�RI
IUHH� UDGLFDO� SRO\PHUL]DWLRQ� �H�J�� ZLWK� UHVSHFW� WR� PROHFXODU� ZHLJKW� GLVWULEXWLRQV�� FDQ� EH
EURXJKW�DERXW�E\�PHWDO�FRPSOH[HV�

7UDQVLWLRQ�PHWDO� FDWDO\VLV� LQ� DTXHRXV�PHGLD� KDV� GHYHORSHG� LQWR� D� EURDG� ILHOG� LQ� WKH
SDVW� WZR� GHFDGHV�� DQG� VXFK� UHDFWLRQV� FDQ� E\� QR�PHDQV� EH� UHJDUGHG� DV� H[RWLF� WRGD\�>��@ 7KH
5XKUFKHPLH�5KRQH�3RXOHQF�SURFHVV�LV�DSSOLHG�FRPPHUFLDOO\�RQ�D�ODUJH�VFDOH��,Q�WKLV�SURFHVV�



�
SURSHQH�LV�K\GURIRUP\ODWHG�XVLQJ�D�UKRGLXP�FDWDO\VW�LQ�D�ELSKDVLF�DTXHRXV�V\VWHP��+HUHE\��D
VLPSOH�VHSDUDWLRQ�RI� WKH�ZDWHU�VROXEOH�FDWDO\VW�IURP�WKH�DSRODU�SURGXFWV� LV�HQDEOHG��7R�GDWH�
WKH� PDMRULW\� RI� LQYHVWLJDWLRQV� KDYH� IRFXVHG� RQ� WKH� V\QWKHVLV� RI� ORZ�PROHFXODU�ZHLJKW
FRPSRXQGV�� +RZHYHU�� DV� VKRZQ� LQ� WKH� SUHFHHGLQJ� VHFWLRQ�� SRO\PHUL]DWLRQ� UHDFWLRQV� LQ
DTXHRXV� V\VWHPV� DUH� RI� SDUWLFXODU� LQWHUHVW�>��@ $� PDMRU� UHDVRQ� ZK\� DTXHRXV� FDWDO\WLF
SRO\PHUL]DWLRQV�KDG�UHFHLYHG�UHODWLYHO\�OLWWOH�DWWHQWLRQ�IRU�D�ORQJ�WLPH�LV�WKH�QRWRULRXV�ZDWHU�
VHQVLWLYLW\� RI� WKH� HDUO\� WUDQVLWLRQ� PHWDO� EDVHG� =LHJOHU� RU� 3KLOOLSV� FDWDO\VWV>�����@� XVHG� IRU
LQGXVWULDO�ROHILQ�SRO\PHUL]DWLRQ�

$OEHLW� HQFDSVXODWLRQ� WHFKQLTXHV�� H�J�� LQ� D� K\GURSKRELF� SRO\PHU �YLGH� LQIUD�� FDQ
UHVWULFW� WKH� DFFHVV� RI� ZDWHU� WR� WKH� PHWDO� FHQWHUV�� D� FHUWDLQ� VWDELOLW\� WRZDUGV� ZDWHU� RI� WKH
GLIIHUHQW� PHWDO� VSHFLHV� LQYROYHG� LQ� WKH� SRO\PHUL]DWLRQ� UHDFWLRQ� LV� GHVLUDEOH�� 6FKHPH� ���
VXPPDUL]HV� PHFKDQLVPV� RI� YDULRXV� PHWDO� FDWDO\]HG� SRO\PHUL]DWLRQV�� 7KH� PDMRULW\� RI
UHDFWLRQV� LQYROYH� RUJDQRPHWDOOLF� VSHFLHV�� PRVW� RIWHQ� PHWDO�DON\O� FRPSOH[HV�� :KLOH� VXFK
FRPSOH[HV�DUH�JHQHUDOO\�FRQVLGHUHG� WR�EH�SURQH� WR�K\GURO\VLV� >(T�� �����@�� H[DPSOHV�RI�TXLWH
VWDEOH� DON\O� FRPSOH[HV� RI� ODWH� WUDQVLWLRQ� PHWDOV� �WKDW� LV�� JURXS� �� WR� ��� PHWDOV�� DOVR� H[LVW
�VHFWLRQ �����

$OVR� IRU� VSHFLHV� QRW� LQYROYLQJ� PHWDO�FDUERQ� ERQGV�� VXFK� DV� LQ� $753�� SRVVLEOH
K\GURO\VLV� RI� FRRUGLQDWLQJ� OLJDQGV� �/�� PXVW� EH� FRQVLGHUHG�� $QRWKHU� UHDFWLRQ� RI� JHQHUDO
LPSRUWDQFH�LV�WKH�SRVVLELOLW\�RI�FRRUGLQDWLRQ�RI�ZDWHU�DV�D� OLJDQG��+HUHE\��FRRUGLQDWLRQ�VLWHV
FDQ�EH�EORFNHG�IRU�WKH�VXEVWUDWH�UHYHUVLEO\�>(T�������@�

:KHUHDV� HDUO\� WUDQVLWLRQ� PHWDO� �WKDW� LV� PHWDOV� RI� JURXS� �� WR� ��� FHQWHUV� JHQHUDOO\
VWURQJO\�ELQG�ZDWHU��FRRUGLQDWLRQ�WR�UHODWLYHO\�OHVV�R[RSKLOLF� ODWH� WUDQVLWLRQ�PHWDO�FRPSOH[HV
FDQ�EH�FRPSDUDEO\�ZHDN�DQG�GRHV�QRW�SRVH�D�VHYHUH�SUREOHP�LQ�PDQ\�FDVHV��2WKHU�SRVVLEOH
VLGH�UHDFWLRQV�DUH�DWWDFN�RI�ZDWHU�RQ�FRRUGLQDWHG�ROHILQ�PRQRPHU�RU�RWKHU�OLJDQGV�>��@



�
,Q� DGGLWLRQ� WR� WKH� UHDFWLYLW\� RI� WKH� FDWDO\WLFDOO\� DFWLYH�PHWDO� FHQWHUV�� D� VHQVLWLYLW\� RI

DGGHG� FRFDWDO\VWV� WRZDUGV� ZDWHU� REYLRXVO\� FDQ� DOVR� EH� GHWULPHQWDO�� )RU� LQVWDQFH�� =LHJOHU�
FDWDO\VWV�RU�PHWDOORFHQHV�DUH�PRVW�RIWHQ�HPSOR\HG�ZLWK�DOXPLQXP�DON\OV�DV�FRFDWDO\VWV��)RU
SRO\PHUL]DWLRQ�LQ�DTXHRXV�V\VWHPV��FDWDO\VWV�ZKLFK�GR�QRW�UHTXLUH�ZDWHU�VHQVLWLYH�FRFDWDO\VWV
DUH�GHVLUDEOH�

7KLV� FRQWULEXWLRQ� UHYLHZV� DTXHRXV� WUDQVLWLRQ� PHWDO� FDWDO\]HG SRO\PHUL]DWLRQV� RI
ROHILQLF� PRQRPHUV�� )RU� H[DPSOH�� FODVVLFDO� IUHH�UDGLFDO� SRO\PHUL]DWLRQV� HPSOR\LQJ� PHWDO�
FRQWDLQLQJ�UHGR[�V\VWHPV�DV�LQLWLDWRUV�DUH�QRW�FRQVLGHUHG�

7R� HQDEOH� D� FRPSDULVRQ� RI� SRO\PHUL]DWLRQ� RI� GLIIHUHQW� PRQRPHUV� DQG� RI� FDWDO\VWV
EDVHG�RQ�GLIIHUHQW�PHWDOV��DFWLYLWLHV�DUH�XVXDOO\�JLYHQ�DV�WXUQRYHUV�SHU�KRXU��72�K�� �72�{ PRO
VXEVWUDWH�FRQYHUWHG�SHU�PRO�RI�PHWDO���&RPSDULQJ�DFWLYLWLHV�GHWHUPLQHG�E\�GLIIHUHQW�DXWKRUV
XQGHU�VWURQJO\�YDU\LQJ�FRQGLWLRQV��WKH�YDOXHV�VKRXOG�EH�WDNHQ�DV�DQ�LQGLFDWLRQ�RI�WKH�RUGHU�RI
PDJQLWXGH��7KH�VDPH�KROGV�WUXH�IRU�SRO\PHU�PROHFXODU�ZHLJKWV�
� &DWDO\WLF�ROHILQ�DQG�DON\QH�SRO\PHUL]DWLRQ�LQ�DTXHRXV�V\VWHPV
��� +LVWRULFDO�GHYHORSPHQW

7KH� UHDFWLRQ� RI� HWK\OHQH� ZLWK� FDUERQ� PRQR[LGH� LQ� WKH� SUHVHQFH� RI� SRWDVVLXP
WHWUDF\DQRQLFNHODWH�,,��FDQ�EH�UHJDUGHG�DV�WKH�ILUVW�H[DPSOH�RI�DQ�DTXHRXV�SRO\PHUL]DWLRQ��,Q�D
SDWHQW� ILOHG� ������ 5HSSH� DQG�0DJLQ� GHVFULEHG� WKH� IRUPDWLRQ� RI� ROLJRPHUV� �Q�  � ��� ��� DQG
KLJKHU�µSRO\NHWRQHV¶�>(T�������@�>��@ $OEHLW�EDVHG�RQ�WKH�DQDO\WLFDO�GDWD�SURYLGHG�LW�LV�XQOLNHO\
WKDW�D� WUXH�KLJKHU�PROHFXODU�ZHLJKW�SRO\PHU�ZDV�IRUPHG��ZLWKRXW�GRXEW�VHYHUDO� UHSHDW�XQLWV
ZHUH� LQFRUSRUDWHG� SHU� SURGXFW� PROHFXOH�� DV� D� PHFKDQLVWLF� IHDWXUH� ZKLFK� DOVR� DSSOLHV� WR
SRO\PHUL]DWLRQ�UHDFWLRQV�



�

,Q� WKH� ����¶V� D� QXPEHU� RI� SXEOLFDWLRQV� RQ� DTXHRXV� SRO\PHUL]DWLRQV� RI� GLIIHUHQW�PRQRPHUV
DSSHDUHG�� 5LQHKDUW� HW� DO�� DQG� &DQDOH� DQG� FRZRUNHUV� LQGHSHQGHQWO\� UHSRUWHG� DTXHRXV
SRO\PHUL]DWLRQ�RI�EXWDGLHQH FDWDO\]HG�E\�UKRGLXP�VDOWV��8WLOL]LQJ�5K,,,&O�Â��+�2�DV�D�FDWDO\VW
SUHFXUVRU��VHPLFU\VWDOOLQH WUDQV�����SRO\EXWDGLHQH�ZDV�REWDLQHG�VWHUHRVHOHFWLYHO\�>(T���������!
����WUDQV@�>��� ��@ %\�FRPSDULVRQ��IUHH�UDGLFDO�EXWDGLHQH�SRO\PHUL]DWLRQ�LQ�DTXHRXV�HPXOVLRQ
W\SLFDOO\� \LHOGV� SRO\PHUV� ZLWK� �� �� WUDQV�LQFRUSRUDWHG� XQLWV� XQGHU� VLPLODU� FRQGLWLRQV�>��@
3RO\PHU�PROHFXODU�ZHLJKWV�RI����î��� J�PRO�� ZHUH�GHWHUPLQHG�E\�OLJKW�VFDWWHULQJ�>��@

$�IUHH�UDGLFDO�SRO\PHUL]DWLRQ�PHFKDQLVP�FDQ�EH�H[FOXGHG�RQ�WKH�EDVLV�RI�WKH�SRO\PHU
PLFURVWUXFWXUH� DQG� H[SHULPHQWV� ZLWK� UDGLFDO� LQKLELWRUV�� 5KRGLXP�,��VSHFLHV�� IRUPHG� E\
UHGXFWLRQ�RI�5K,,, VDOWV�XVHG�DV�FDWDO\VW�SUHFXUVRUV�E\�EXWDGLHQH�PRQRPHU��KDYH�EHHQ�VXJJHVWHG
DV� WKH� DFWLYH� VSHFLHV�� 7KH� FDWDO\VW� LV� VWDEOH� GXULQJ� WKH� DTXHRXV� SRO\PHUL]DWLRQ� IRU� RYHU� ��
K�>��@ &DWDO\VW� DFWLYLWLHV� DUH� PRGHUDWH� ZLWK� XS� WR� FD�� �î��� 72� K���>��� ��@ %\� FRQWUDVW� WR
LQGXVWULDOO\� LPSRUWDQW� IUHH�UDGLFDO� FRSRO\PHUL]DWLRQ�� VW\UHQH� LV� QRW� LQFRUSRUDWHG� LQ� WKH
UKRGLXP�FDWDO\]HG� EXWDGLHQH� SRO\PHUL]DWLRQ�>��@ 2QO\� VFDUFH� GDWD� LV� DYDLODEOH� UHJDUGLQJ� WKH
VWDELOLW\� DQG� RWKHU� SURSHUWLHV� RI� WKH� SRO\PHU� GLVSHUVLRQV� REWDLQHG�� 3UHFLSLWDWLRQ� RI
FRQVLGHUDEOH� SRUWLRQV� RI� WKH� SRO\PHU� KDV� EHHQ�PHQWLRQHG� DW� KLJK� FRQYHUVLRQV� LQ� EXWDGLHQH
SRO\PHUL]DWLRQ�>��� ��@

8QGHU�VLPLODU�FRQGLWLRQV�DV�WKRVH�GHVFULEHG�E\�5LQHKDUW�IRU�EXWDGLHQH�SRO\PHUL]DWLRQ�
1DWWD� HW� DO�� LQYHVWLJDWHG� WKH� SRO\PHUL]DWLRQ� RI� F\FOREXWHQH�� :LWK� ORZ� FRQYHUVLRQV�� WKH\
REWDLQHG� D� FU\VWDOOLQH�� KLJKO\� VWHUHRUHJXODU� SRO\PHU� �6FKHPH� ����� D��>��@ $Q� LQVHUWLRQ�
PHFKDQLVP�LV�HYLGHQFHG�E\�WKH�LQWDFW�ULQJ�VWUXFWXUH�RI�WKH�SRO\PHU�



�
%\� FRQWUDVW�� LQ� WKH� SUHVHQFH� RI� 5X&O� DV� D� FDWDO\VW� SUHFXUVRU�� ULQJ� RSHQLQJ

SRO\PHUL]DWLRQ�RI�F\FOREXWHQH�DQG���PHWK\O�F\FOREXWHQH�ZDV�REVHUYHG�H[FOXVLYHO\� �6FKHPH
�����E��>��@ :LWK�ORZ�HIILFLHQFLHV�RI�FD���� 72��ORZ�PROHFXODU�ZHLJKW�VWHUHRLUUHJXODU�RLOV�ZHUH
IRUPHG��5LQHKDUW�HW�DO��KDYH�DOVR�UHSRUWHG�ULQJ�RSHQLQJ�SRO\PHUL]DWLRQ�RI�QRUERUQHQH�DQG�RI
��IXQFWLRQDOL]HG�QRUERUQ���HQHV�ZLWK�SRODU�HVWHU�PRLHWLHV�LQ�DTXHRXV�HPXOVLRQ�ZLWK�PRGHUDWH
DFWLYLWLHV�� ,ULGLXP�,,,� RU� ,ULGLXP�,9��VDOWV� LQ�FRPELQDWLRQ�ZLWK�D� UHGXFLQJ�DJHQW��RU� ,U, ROHILQ
FRPSOH[HV�ZHUH�HPSOR\HG�DV�FDWDO\VW�SUHFXUVRUV��1RUERUQDGLHQH�DQG�GLF\FORSHQWDGLHQH�ZHUH
DOVR�SRO\PHUL]HG��UHDFWLQJ�ZLWK�RQO\�RQH�GRXEOH�ERQG�>��� ��@

,Q� VXPPDU\�� WKLV� SLRQHHULQJ� ZRUN� FOHDUO\� GHPRQVWUDWHG� WKH� SULQFLSDO� SRVVLELOLW\� RI
DTXHRXV� FDWDO\WLF� LQVHUWLRQ�SRO\PHUL]DWLRQ� RI� DF\FOLF� DQG� F\FOLF� ROHILQV�� DV�ZHOO� DV� DTXHRXV
5203��2Q�WKH�RWKHU�KDQG��PHWDO�VDOWV�ZLWKRXW�DQ\�DGGLWLRQDO�OLJDQGV�WR�FRQWURO�WKH�SURSHUWLHV
RI� WKH� PHWDO� FHQWHUV� ZHUH� XWLOL]HG�� DQG� DFWLYDWLRQ� WR� WKH� DFWLYH� VSHFLHV� ZDV� SUREDEO\� DOVR
UHODWLYHO\�LQHIIHFWLYH�LQ�PRVW�FDVHV��&RQVHTXHQWO\��FDWDO\VW�HIILFLHQFLHV�ZHUH�PRGHUDWH�DW� WKH
PRVW��0RVW�RI�WKH�SRO\PHUL]DWLRQV�DOVR�DIIRUGHG�ORZ�PROHFXODU�ZHLJKW�PDWHULDOV��RU�HPSOR\HG
UDWKHU� VSHFLDO� PRQRPHUV�� 7KH� SRVVLELOLW\� RI� SRO\PHU� ODWH[� V\QWKHVLV� DSSHDUV� QRW� WR� KDYH
UHFHLYHG� PXFK� DWWHQWLRQ�� DOWKRXJK� IUHH�UDGLFDO� HPXOVLRQ� SRO\PHUL]DWLRQ� RI� VW\UHQH� DQG
EXWDGLHQH�ZDV�DOUHDG\�D�ODUJH�VFDOH�SURFHVV�DW�WKH�WLPH�
��� 5HFHQW�SURJUHVVHV�LQ�FDWDO\WLF�LQVHUWLRQ�SRO\PHUL]DWLRQ�RI�ROHILQV

6LQFH� WKH� DIRUHPHQWLRQHG� LQYHVWLJDWLRQV�� VLJQLILFDQW� DGYDQFHV� LQ� DTXHRXV� FDWDO\WLF
LQVHUWLRQ� SRO\PHUL]DWLRQ� KDYH� RQO\� EHHQ� PDGH� LQ� WKH� SDVW� GHFDGH�� $OWHUQDWLQJ
FRSRO\PHUL]DWLRQ�RI�ROHILQV�ZLWK�FDUERQ�PRQR[LGH��SRO\PHUL]DWLRQ�RI�HWK\OHQH�DQG���ROHILQV�
DQG�SRO\PHUL]DWLRQV�RI�QRUERUQHQHV�DQG�RI�EXWDGLHQH�KDYH�EHHQ�VWXGLHG�



��
������$OWHUQDWLQJ�ROHILQ�FDUERQ�PRQR[LGH�FRSRO\PHUL]DWLRQ

6LQFH�WKH�DIRUHPHQWLRQHG�SLRQHHULQJ�GLVFRYHU\�RI�5HSSH�DQG�0DJLQ��FDWDO\WLF�ROHILQ�
&2� FRSRO\PHUL]DWLRQ� �LQ� QRQ�DTXHRXV� PHGLD�� KDV� IRXQG� FRQWLQXRXV�� ZLGHVSUHDG� LQWHUHVW�
&DUERQ�PRQR[LGH� LV� DQ� H[FHSWLRQDOO\� FKHDS� VWDUWLQJ� PDWHULDO�� DQG� WKH� DOLSKDWLF� DOWHUQDWLQJ
SRO\NHWRQHV�REWDLQHG�SRVVHVV�DWWUDFWLYH�PDWHULDOV�SURSHUWLHV�>�����@

$� PDMRU� EUHDNWKURXJK� KDV� EHHQ� WKH� ILQGLQJ� WKDW� FDWDO\VWV� EDVHG� RQ� FDWLRQLF
SDOODGLXP�,,��FRPSOH[HV�ZLWK�ELGHQWDWH OLJDQGV��PRVW�RIWHQ�GLSKRVSKLQHV��H[KLELW�VXEVWDQWLDOO\
LQFUHDVHG� DFWLYLWLHV� LQ� HWK\OHQH�FDUERQ� PRQR[LGH� FRSRO\PHUL]DWLRQ� E\� FRPSDULVRQ� WR
SUHYLRXVO\�NQRZQ�QLFNHO�,,�� DQG�SDOODGLXP�,,�� V\VWHPV�>�����@ 0HWKDQRO� LV� W\SLFDOO\�XVHG� DV� D
UHDFWLRQ�PHGLXP��GHPRQVWUDWLQJ�WKH�VWDELOLW\�RI�WKHVH�FDWDO\VWV�WRZDUGV�SURWLF�PHGLD�

$Q� DOWHUQDWLQJ� HWK\OHQH�&2� FRSRO\PHU� PHOWV� DW� ��� �&�� ,QFRUSRUDWLRQ� RI� SURS\OHQH
GHFUHDVHV�WKH�PHOWLQJ�SRLQW��HQDEOLQJ�SURFHVVLQJ�RI� WKH�PDWHULDOV� �H�J��� PRO���SURSHQH��7P
���� �&��>��@ 6HPLFU\VWDOOLQH� HWK\OHQH�SURS\OHQH�FDUERQ� PRQR[LGH� WHUSRO\PHUV� KDYH� EHHQ
FRPPHUFLDOL]HG� E\� 6KHOO� DV� D� QHZ� HQJLQHHULQJ� WKHUPRSODVWLF� WHUPHG�&DULORQ� VLQFH� �����
DQG� %3� KDV� GHYHORSHG� VLPLODU� PDWHULDOV� WHUPHG� .HWRQH[�>��� ��@ +RZHYHU�� WKLV� EXVLQHVV� KDV
UHFHQWO\�EHHQ�DQQRXQFHG�WR�EH�DEDQGRQHG�IRU�XQGLVFORVHG�UHDVRQV�>��@ 7KH�SRO\NHWRQHV�KDYH�D
JRRG�UHVLVWDQFH�WR�K\GURFDUERQ�VROYHQWV�DQG�JRRG�DEUDVLRQ�SURSHUWLHV�>��@ $V�D�GUDZEDFN��WKH
SUHVHQFH� RI� D� ODUJH� QXPEHU� RI� FDUERQ\O� JURXSV� UHQGHUV� WKH� SRO\PHUV� VHQVLWLYH� WR�89� OLJKW�
IXUWKHUPRUH�XQGHVLUHG�FRQGHQVDWLRQ�FURVVOLQNLQJ�FDQ�RFFXU�DW�WKH�KLJK�WHPSHUDWXUHV�UHTXLUHG
IRU�SURFHVVLQJ�

,Q ������ 6HQ� DQG� -LDQJ� UHSRUWHG� DTXHRXV� HWK\OHQH�&2� FRSRO\PHUL]DWLRQ� E\� FDWLRQLF
SDOODGLXP�,,��FDWDO\VWV�ZLWK�ZDWHU�VROXEOH�ELGHQWDWH� VXOIRQDWHG�QLWURJHQ��RU�SKRVSKLQH�EDVHG
OLJDQGV��VXFK�DV��� $W�����&�DQG��� EDU�HDFK�HWK\OHQH�DQG�&2��PRGHUDWH�DFWLYLWLHV�RI�XS�WR�FD�



��
��� 72 K�� ZHUH� REVHUYHG� �ZLWK� D� FDWDO\VW� SUHSDUHG� LQ� VLWX IURP
>3G,,�1&&+���@�%)����ELGHQWDWH� ZDWHU�VROXEOH� OLJDQG��� $Q� DOWHUQDWLQJ� SURS\OHQH�&2
FRSRO\PHU�ZLWK� D�PROHFXODU�ZHLJKW�RI����u��� J PRO�� �YV�� SRO\VW\UHQH� VWDQGDUGV��ZDV� DOVR
SUHSDUHG��DOEHLW�DW�ORZHU�UDWHV�>��@ $�IHZ�\HDUV�ODWHU��6KHOGRQ�HW�DO��UHSRUWHG�VLJQLILFDQWO\�KLJKHU
DFWLYLWLHV� RI� XS� WR� ���u��� 72 K�� LQ� DTXHRXV� HWK\OHQH�&2� FRSRO\PHUL]DWLRQ�� XVLQJ� D� YHU\
VLPLODU�FDWDO\VW�V\VWHP�FRPSULVLQJ�WKH�VDPH�OLJDQG����7KHVH�KLJKHU�DFWLYLWLHV��FRPSDUDEOH� WR
WKRVH�REVHUYHG�ZLWK�����ELV�GLSKHQ\OSKRVSKLQR�SURSDQH� �GSSS��DV� WKH�QRQ�VXOIRQDWHG�PRGHO
IRU� � LQ� QRQ�DTXHRXV� SRO\PHUL]DWLRQ� LQ� PHWKDQRO�� ZHUH� DVFULEHG� WR� D� KLJKHU� SXULW\� RI� WKH
VXOIRQDWHG�SKRVSKLQH�OLJDQG�DQG�WKH�DGGLWLRQ�RI�D�%URQVWHGW�DFLG��LQFUHDVLQJ�FDWDO\VW�VWDELOLW\�
0ROHFXODU� ZHLJKWV� RI� WKH� FRSRO\PHU� ZHUH� IRXQG� WR� EH� VLPLODU� WR� PDWHULDOV� REWDLQHG� LQ
PHWKDQRO�DV�D�QRQ�DTXHRXV�UHDFWLRQ�PHGLXP�XQGHU�RWKHUZLVH�FRPSDUDEOH�FRQGLWLRQV�ZLWK�XS
WR� 0Z �u��� J PRO���� 0Z�0Q FD�� ��� $� KLJK� FDWDO\VW� VWDELOLW\� LQ� WKH� DTXHRXV� UHDFWLRQ� LV
HYLGHQFHG� E\� D� FRQVWDQW� SURGXFWLYLW\� RYHU� VHYHUDO� KRXUV�>��� �����@ 6SHFLDOO\� GHVLJQHG� ZDWHU�
VROXEOH� OLJDQGV�ZLWK� WZR� VXOIRQDWHG�PRLHWLHV� DWWDFKHG� WR� WKH� &��OLJDQG� EDFNERQH� ����>��@ RU
K\GUR[\ODWHG� QHXWUDO� OLJDQGV� VXFK� DV� �>��@ ZHUH� IRXQG� WR� GLVSOD\� KLJKHU� DFWLYLWLHV� E\
FRPSDULVRQ�WR���

,QWURGXFWLRQ�RI�PHWKR[\�VXEVWLWXHQWV�LQ�RUWKR SRVLWLRQ�RI�WKH�DU\O�ULQJV�RI�GLSKRVSKLQH�
PRGLILHG� FDWLRQLF� SDOODGLXP� FDWDO\VW� UHVXOWV� LQ�PDUNHGO\� LQFUHDVHG� FDWDO\VW� SHUIRUPDQFH�>��@
:LWK� WKH� IXOO\� R�20H�VXEVWLWXWHG� DQDORJXH� RI� OLJDQG� ��� HWK\OHQH�&2� FRSRO\PHUV� ZLWK
PROHFXODU�ZHLJKWV�RI�XS�WR�0Z ���u��� J PRO�� DQG�QDUURZ�SRO\GLVSHUVLWLWLHV� �0Z�0Q FD����
ZHUH�REWDLQHG�LQ�SRO\PHUL]DWLRQV�LQ�DTXHRXV�VXVSHQVLRQ��(PSOR\LQJ�D�ZHOO�GHILQHG�FRPSOH[
� RI�WKLV�OLJDQG��DW�UDWKHU�PRGHUDWH�FRQGLWLRQV���� �&���� EDU�HDFK�RI�HWK\OHQH�DQG�&2��KLJK
DFWLYLWLHV�RI����u��� 72 K���KDYH�EHHQ�UHSRUWHG�>��@



��
$V�SUHYLRXVO\�PHQWLRQHG��WKH�SURSHUWLHV�RI�ROHILQ�&2�FRSRO\PHUV�GHSHQG�VWURQJO\�RQ

WKH�QDWXUH�RI�WKH�ROHILQ�HPSOR\HG��7KH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH�RI���ROHILQ�&2�FRSRO\PHUV
GHFUHDVHV�IURP�URRP�WHPSHUDWXUH�WR�QHDUO\������&�XSRQ�LQFUHDVLQJ�WKH�FKDLQ�OHQJWK�RI�WKH���
ROHILQ� IURP� SURS\OHQH� WR� ��GRGHFHQH�>��@ %\� FRQWUDVW� WR� SRODU� HWK\OHQH�&2� FRSRO\PHUV�
FRSRO\PHUV� ZLWK� KLJKHU� ��ROHILQV� GLVSOD\� D� K\GURSKRELF� FKDUDFWHU�� )RU� ��ROHILQ
FRSRO\PHUL]DWLRQ�� FDWDO\VWV� ZLWK� HQWLUHO\� DON\O�VXEVWLWXWHG� GLSKRVSKLQH� OLJDQGV� 5�3��&+��Q�
35� �5� �DON\O��E\�FRPSDULVRQ�WR�5� �3K� LQ�GSSS��VXFK�DV�� DUH�SDUWLFXODUO\�ZHOO�VXLWHG�>��@
(WK\OHQH���ROHILQ�&2� WHUSRO\PHUV� DQG� ��ROHILQ�&2� FRSRO\PHUV� FDQ� EH� SUHSDUHG� LQ� DTXHRXV
SRO\PHUL]DWLRQV�>��� ��� ��@ ,Q� WKH� DIRUHPHQWLRQHG� FRSRO\PHUL]DWLRQ� UHDFWLRQV�� WKH� SRO\NHWRQH
ZDV�UHSRUWHG�WR�SUHFLSLWDWH�GXULQJ�WKH�UHDFWLRQ�DV�D�VROLG�>��� ��� ��� ��@ +RZHYHU��LQ�WKH�SUHVHQFH
RI� DQ� HPXOVLILHU� VXFK� DV� VRGLXP� GRGHF\O� VXOIDWH� �6'6�� DQG� XQGHU� RWKHUZLVH� VXLWDEOH
FRQGLWLRQV��VWDEOH�SRO\PHU�ODWLFHV�FDQ�EH�REWDLQHG��6XFK�SRO\PHUL]DWLRQV�FDQ�EHHQ�FDUULHG�RXW
ZLWK� ZDWHU�VROXEOH� FDWDO\VWV� EDVHG� RQ� H�J�� OLJDQGV� RI� W\SH� ��>��@ %\� XVLQJ� D� PLQLHPXOVLRQ
WHFKQLTXH� �YLGH� LQIUD�� QRQ�ZDWHU� VROXEOH� FDWDO\VWV� FDQ� DOVR� EH� HPSOR\HG� WR� SUHSDUH� VWDEOH
ODWLFHV�>��@ +HUHE\��PRGLILFDWLRQ� RI� WKH� GLSKRVSKLQH� OLJDQGV� WR� DWWDLQ� ZDWHU�VROXELOLW\� LV� QRW
QHFHVVDU\� ZKLFK� FDQ� UHGXFH� V\QWKHWLF� HIIRUW�� ,Q� VLWX FDWDO\VW� V\VWHPV
>^5�3�&+���35�`3G�2$F��@���VWURQJ�DFLG��5� �3K�RU��&+����&+���RU�ZHOO�GHILQHG�FRPSOH[HV
>^3K�3�&+���33K�`3G0H�1&&+��@�<� �<�  � >%^�����)�&��&�+�`�@� RU� 6E)���� ZHUH� XVHG� LQ
WKH�IRUP�RI D�VROXWLRQ�RI�WKH�SDOODGLXP�,,��FRPSOH[�LQ�PLQLHPXOVLRQ�GURSOHWV�RI�D�K\GURFDUERQ
GLVSHUVHG� LQ� WKH� FRQWLQXRXV� DTXHRXV� SKDVH� �FI�� VHFWLRQ ������ IRU� WKH� FRQFHSW� RI� FDWDO\VW
PLQLHPXOVLRQV��� &DWDO\VW� DFWLYLWLHV� RI� XS� WR� �� u ��� 72� K�� VOLJKWO\� H[FHHG� WKRVH� RI� QRQ�
DTXHRXV�SRO\PHUL]DWLRQV�LQ�PHWKDQRO�ZLWK�WKH�VDPH�FDWDO\VWV��HYLGHQFLQJ�HIIHFWLYH�DFWLYDWLRQ
DOVR�RI�WKH�LQ�VLWX V\VWHP�GHVSLWH�WKH�PXOWLSKDVH�QDWXUH�RI�WKH�DTXHRXV�V\VWHPV��6WDEOH�ODWLFHV
RI� ��ROHILQ�FDUERQ� PRQR[LGH� FRSRO\PHUV� DQG� RI� HWK\OHQH�XQGHF����HQRLF� DFLG�FDUERQ



��
PRQR[LGH�WHUSRO\PHUV��0Z !���� J�PRO�� YV��300$�VWDQGDUGV��KDYH�EHHQ�SUHSDUHG��)LJ�������
,Q�WKH�ODWWHU��WKH�XQGHFHQRLF�DFLG�WHUPRQRPHU��ZLWK�D�K\GURSKLOLF�FDUER[\OLF�DFLG�PRLHW\��FDQ
IXQFWLRQ DV�D�FRSRO\PHUL]DEOH�VWDELOL]HU��%\�FRPSDULVRQ�WR�WHUSRO\PHUL]DWLRQ�LQ�QRQ�DTXHRXV
SRO\PHUL]DWLRQV�LQ�PHWKDQRO��WKH�KLJK�ORFDO�FRQFHQWUDWLRQ�RI�WKH�OLTXLG�WHUPRQRPHU�LQ�GURSOHWV
LQ� WKH� DTXHRXV� SRO\PHUL]DWLRQ� LV� EHQHILFLDO� IRU� LWV� LQFRUSRUDWLRQ�� 7KH� ��ROHILQ� FRSRO\PHUV
H[KLELW�JODVV�WUDQVLWLRQ�WHPSHUDWXUHV�RI�7J ����WR�±����&��DQG�WKXV�FDQ�IRUP�ILOPV�XSRQ�GU\LQJ
RI�D�ODWH[�DW�URRP�WHPSHUDWXUH�

5HJDUGLQJ�WKH�PHFKDQLVP�RI�WKH�DTXHRXV�SRO\PHUL]DWLRQ��FKDLQ�JURZWK�E\�DOWHUQDWLQJ
LQVHUWLRQ�RI�HWK\OHQH�DQG�&2� LQ�3G�DF\O�RU�3G�DON\O� VSHFLHV�� UHVSHFWLYHO\�� LV� LGHQWLFDO� WR� WKH
ZHOO�LQYHVWLJDWHG� FRSRO\PHUL]DWLRQ� LQ� PHWKDQRO�� $� VLJQLILFDQW� GLIIHUHQFH� LV� UHSUHVHQWHG� E\
K\GURO\VLV�DV�DQ�LPSRUWDQW�FKDLQ�WUDQVIHU�VWHS��LQ�QRQ�DTXHRXV�SRO\PHUL]DWLRQ�PHWKDQRO\VLV�RI
D� 3G�DON\O� VSHFLHV� DIIRUGV� D� 3G�20H� VSHFLHV� ZKLFK� LQLWLDWHV� FKDLQ� JURZWK�� UHVXOWLQJ� LQ
IRUPDWLRQ� RI� D� QHZ� ±&+�&+�&� 2�20H� HQGJURXS� LQ� WKH� SRO\PHU�� %\� FRQWUDVW�� K\GURO\VLV
DIIRUGV�D�3G�2+�VSHFLHV��ZKLFK�UHDFWV�ZLWK�&2�WR�IRUP�D�3G�K\GULGH�SULRU�WR�LQLWLDWLRQ�RI�WKH
QH[W� FKDLQ� �6FKHPH� ������ 7KHUHIRUH�� SRO\NHWRQHV� ZLWK� WZR� NHWR�HQGJURXSV� DUH� REWDLQHG
SUHIHUHQWLDOO\�RU�H[FOXVLYHO\�LQ�WKH�DTXHRXV�UHDFWLRQ�>��� ��@ 7KH�DIRUHPHQWLRQHG�UHDFWLRQ�FDQ�EH
UHJDUGHG�DV�D�
UHDFWLYDWLRQ
�SDWKZD\�DIWHU�K\GURO\VLV�RI�D�PHWDO�DON\O�ERQG��ZKLFK�LV�VSHFLILF�WR
DTXHRXV�UHDFWLRQV�LQYROYLQJ�&2�

������3RO\PHUL]DWLRQ�RI�HWK\OHQH�DQG���ROHILQV
7KH� GLVFRYHULHV� RI� VHYHUDO� QHZ� W\SHV� RI� FDWDO\VWV� IRU� �QRQ�DTXHRXV�� HWK\OHQH� DQG���

ROHILQ�SRO\PHUL]DWLRQ�EDVHG�RQ�ODWH�WUDQVLWLRQ�PHWDOV�LQ�WKH�ODVW�GHFDGH�KDYH�LQLWLDWHG�D�VWURQJ



��
LQWHUHVW�LQ�WKLV�ILHOG�>��� �����@ %\�FRPSDULVRQ�WR�HDUO\�WUDQVLWLRQ�PHWDO�EDVHG�=LHJOHU��RU�3KLOOLSV
FDWDO\VW�XVHG�IRU� LQGXVWULDO�SRO\ROHILQ�V\QWKHVLV�>�����@ FRPSOH[HV�RI� ODWH� WUDQVLWLRQ�PHWDOV�DUH
OHVV�R[RSKLOLF��DQG�WKH\�FDQ�EH�PXFK�PRUH�VWDEOH�WRZDUGV�SRODU�PHGLD�

,W�FDQ�EH�QRWHG�WKDW�ODWLFHV�RI�ORZ�GHQVLW\�SRO\HWK\OHQH��/'3(��DUH SUHSDUHG�YLD�IUHH�
UDGLFDO�HPXOVLRQ�SRO\PHUL]DWLRQ�DV�D�VSHFLDOW\�SURGXFW�>��@ +RZHYHU�� WKH�ORZ�YDULDELOLW\�ZLWK
UHVSHFW� WR� WKH� SRO\PHU� PLFURVWUXFWXUH� LV� GLVDGYDQWDJHRXV� IRU� WDLORULQJ� ODWH[� SURSHUWLHV� �H�J
ILOP� IRUPLQJ� SURSHUWLHV��� UHVXOWLQJ� LQ� D� QDUURZ� SURSHUW\� SURILOH�� ,Q� DGGLWLRQ�� ZRUNLQJ� DW
SUHVVXUHV�LQ�H[FHVV�RI������EDU�LQ�WKH�SUHVHQFH�RI�ZDWHU�LV�FKDOOHQJLQJ�IRU�WKH�HTXLSPHQW�XVHG�

,Q� ������ )ORRG� DQG� FRZRUNHUV� UHSRUWHG� HWK\OHQH� SRO\PHUL]DWLRQ� LQ� ZDWHU� XVLQJ� WKH
UKRGLXP� FRPSOH[� >�1A1A1�5K0H�2+���2+�@� DV� D� FDWDO\VW� SUHFXUVRU� �1A1A1�  � ������
WULPHWK\O�������WULD]DF\FORQRQDQH��>��@ $IWHU� ��� GD\V� RI� UHDFWLRQ� DW� ��� EDU� HWK\OHQH� SUHVVXUH
DQG� URRP� WHPSHUDWXUH�� VRPH� ORZ�PROHFXODU�ZHLJKW� SRO\HWK\OHQH� ZDV� REWDLQHG� �0Z �u���
J PRO�����7KH�DPRXQW�RI�SRO\PHU�REWDLQHG�FRUUHVSRQGHG�WR���72�SHU�GD\�

,Q������%URRNKDUW�DQG�FRZRUNHUV�UHSRUWHG�WKDW�FDWLRQLF�GLLPLQH�VXEVWLWXWHG�SDOODGLXP
FRPSOH[HV� RI� W\SH� � FDQ� SRO\PHUL]H� HWK\OHQH� WR� KLJK�PROHFXODU�ZHLJKW�� KLJKO\� EUDQFKHG
PDWHULDO� LQ� RUJDQLF� VROYHQWV� OLNH� PHWK\OHQH� FKORULGH�� 7KH� XQLTXH� VWUXFWXUH� RI� WKH� HWK\OHQH
KRPRSRO\PHUV� REWDLQHG� UHVXOWV� IURP� D� SURSHQVLW\� RI� WKH� PHWDO� FHQWHUV� WR� 
UXQ
� DORQJ� WKH
JURZLQJ�SRO\PHU�FKDLQ�EHWZHHQ�LQVHUWLRQV��D�VLPLODU�EHKDYLRU�KDG�EHHQ�REVHUYHG�SUHYLRXVO\
IRU� ��ROHILQ� SRO\PHUL]DWLRQ� E\� D� QHXWUDO� QLFNHO� FDWDO\VW� E\� )LQN� HW� DO���>��� ��@ $Q� H[WHQVLYH
SDWHQW� RQ� WKHVH� SRO\PHUL]DWLRQV� ZDV� ILOHG� E\� %URRNKDUW� DQG� 'X3RQW�� DQG� 0F/DLQ
GHPRQVWUDWHG� LQ� VHYHUDO� H[DPSOHV� WKDW� WKHVH� FDQ� DOVR� EH� FDUULHG� RXW� LQ� ZDWHU�>��@ 'HWDLOHG
LQYHVWLJDWLRQV�E\�0HFNLQJ�HW�DO��UHYHDOHG�WKDW�LQ�WKLV�VXVSHQVLRQ�W\SH�DTXHRXV�SRO\PHUL]DWLRQ
WKH�FDWDO\VW�LV�UHPDUNDEO\�VWDEOH��HWK\OHQH�EHLQJ�SRO\PHUL]HG�DW�D�VWHDG\�UDWH�IRU�GD\V�>�����@ $W
VOLJKWO\�HOHYDWHG�HWK\OHQH�SUHVVXUHV�RI����EDU��ZLWK��D DFWLYLWLHV�RI���� 72�K����VLPLODU�WR�QRQ�



��
DTXHRXV�SRO\PHUL]DWLRQ� LQ�PHWK\OHQH�FKORULGH�� DUH�REVHUYHG��+RZHYHU�� WKLV� KLJK� VWDELOLW\� LV
GXH�WR�DQ�
HQFDSVXODWLRQ
�RI�WKH�ZDWHU�LQVROXEOH�FDWDO\VW�LQ�WKH�JURZLQJ�K\GURSKRELF�SRO\PHU�
ZKLFK� SURWHFWV� WKH� FDWDO\VW� IURP� DFFHVV� RI� ZDWHU�� $TXHRXV� VROXWLRQV RI� ZDWHU�VROXEOH
GHULYDWLYHV� RI� � ZLWK� VXOIRQDWH�VXEVWLWXWHG� GLLPLQH� OLJDQGV� DUH� LQDFWLYH� IRU� HWK\OHQH
SRO\PHUL]DWLRQ�>��@ 0HFKDQLVWLF�VWXGLHV�UHYHDOHG�WKDW�D�FRPSOH[�RI�W\SH�� LV�VWDEOH�LQ�D�ZDWHU�
FRQWDLQLQJ� VROXWLRQ��ZKLFK�PHDQV� WKDW� QHLWKHU� WKH�3G�0H�PRLHW\�QRU� WKH� GLLPLQH� OLJDQG� DUH
K\GURO\]HG�� +RZHYHU�� GHFRPSRVLWLRQ� RFFXUUHG� LQVWDQWDQHRXVO\� XSRQ� DGGLWLRQ� RI� HWK\OHQH
PRQRPHU�>��@

5HJDUGLQJ� D� SRVVLEOH� XQGHVLUHG� ELQGLQJ� RI� ZDWHU� DV� D� OLJDQG� >FI�� (T�� �����@�� LQ� WKLV
FDWLRQLF�SDOODGLXP�V\VWHP�ZDWHU�FRRUGLQDWHV�ZHDNO\�UHODWLYH�WR�HWK\OHQH��DQG�GRHV�QRW�EORFN
FRRUGLQDWLRQ�VLWHV�IRU�WKH�PRQRPHU�>��� ��@

:KHUHDV� WUDGLWLRQDO� SRO\PHUL]DWLRQ� LQ� PHWK\OHQH� FKORULGH� DW� VLPLODU� UHDFWLRQ
FRQGLWLRQV��WHPSHUDWXUH��HWK\OHQH�SUHVVXUH��DIIRUGV�D�KLJKO\�YLVFRXV�OLTXLG�SRO\HWK\OHQH��0Z
�u��� J PRO���� FD�� ��� EUDQFKHV� �� ���� FDUERQ� DWRPV�� 7J ±�� �&��� SRO\PHUL]DWLRQ� E\� �D LQ
DTXHRXV�VXVSHQVLRQ�\LHOGV�D�UXEEHU\�DPRUSKRXV�VROLG�RI�VLJQLILFDQWO\�KLJKHU�PROHFXODU�ZHLJKW
DQG�ORZHU�EUDQFKLQJ�>(T�������@��5DWKHU�WKDQ�D�FRQFHLYDEOH�GLUHFW�LQWHUDFWLRQ�RI�ZDWHU�ZLWK�WKH
FDWDO\VW�� WKLV� HIIHFW� DSSHDUV� WR�EH� UHODWHG� WR� WKH�GLIIHUHQW� SKDVHV� HQFRXQWHUHG�E\� WKH� FDWDO\VW
GXULQJ� SRO\PHUL]DWLRQ� �KHWHURJHQHRXV� DTXHRXV� VXVSHQVLRQ� RI� SRO\PHU� HQFDSVXODWLQJ� WKH
FDWDO\VW� YV�� KRPRJHQHRXV� VROXWLRQ��>��@ 3RO\PHUL]DWLRQ�RI���ROHILQV� E\� FDWDO\VWV� RI� W\SH�� LQ
DTXHRXV�HPXOVLRQ�KDV�EHHQ�FODLPHG�WR�DIIRUG�VWDEOH�ODWLFHV�>��@

,Q�YLHZ�RI�PDQ\�SRWHQWLDO�DSSOLFDWLRQV��V\QWKHVLV�RI�D�ODUJHO\�OLQHDU�SRO\HWK\OHQH�ZLWK
VRPH�GHJUHH�RI�FU\VWDOOLQLW\�LQ�DTXHRXV�HPXOVLRQ�ZRXOG�EH�RI�LQWHUHVW��9HU\�UHFHQWO\��0HFNLQJ
HW�DO��DQG�6SLW]�HW�DO��LQGHSHQGHQWO\�UHSRUWHG�QLFNHO�,,��FDWDO\]HG�SRO\PHUL]DWLRQ�RI�HWK\OHQH�WR
OLQHDU�PDWHULDO�LQ�DTXHRXV�HPXOVLRQ�>��� ��@ 1HXWUDO�QLFNHO�,,��FRPSOH[HV�� DQG�� �6FKHPH�����



��
EDVHG�RQ�NQRZQ�ELGHQWDWH� 3A2�OLJDQGV>�����@ ZHUH� IRXQG� WR� EH� VXLWHG� DV� FDWDO\VW� SUHFXUVRUV�
8VLQJ� ZDWHU�VROXEOH� FDWDO\VW� SUHFXUVRUV� �D�� VWDEOH� ODWLFHV� RI� ORZ�PROHFXODU�� ZHLJKW
SRO\HWK\OHQH�FRXOG�EH�REWDLQHG�>��� ��� ��@ (�J���D�GLVSHUVLRQ�RI�SRO\HWK\OHQH�RI�0Z �u��� J PRO�
���0Z�0Q ��WR����ZDV�REWDLQHG�ZLWK���� 72�K�� DW�PRGHUDWH�UHDFWLRQ�FRQGLWLRQV������&�����EDU
HWK\OHQH�SUHVVXUH���7KH�FDWDO\VWV�DUH�VWDEOH� LQ� WKH�DTXHRXV�SRO\PHUL]DWLRQ� IRU�KRXUV��:LWK��
VLJQLILFDQWO\�KLJKHU�DFWLYLWLHV�RI�XS�WR�FD���u��� 72�K�� ZHUH�REVHUYHG�LQ�DTXHRXV�HPXOVLRQ�
KRZHYHU�WKH�ODWLFHV�SUHSDUHG�ZLWK�WKHVH�OLSKRSKLOLF�FDWDO\VW�SUHFXUVRUV�ZHUH�UHSRUWHG�QRW�WR�EH
FROORLGDO\� VWDEOH�>��� ��@ %\� FRPSDULVRQ� WR� WUDGLWLRQDO� SRO\PHUL]DWLRQ� LQ� QRQ�DTXHRXV� RUJDQLF
PHGLD� VXFK�DV� WROXHQH��FDWDO\VW� DFWLYLWLHV�DQG�SRO\PHU�PROHFXODU�ZHLJKWV�DUH� UHGXFHG� LQ� WKH
DTXHRXV�SRO\PHUL]DWLRQV��7KH�ORZHU�DFWLYLWLHV�DQG�PROHFXODU�ZHLJKWV�FDQ�EH�UHODWHG�WR�D�ORZHU
UDWH�RI�FKDLQ�JURZWK�LQ� WKH�DTXHRXV�SRO\PHUL]DWLRQ��FDXVHG�E\�DQ� LQVXIILFLHQW� ORFDO�HWK\OHQH
FRQFHQWUDWLRQ� DW� WKH� FDWDO\WLFDOO\� DFWLYH� FHQWHUV�>��@ 7R� LPSURYH� FDWDO\VW� SHUIRUPDQFH�� JRRG
FDWDO\VW� DFWLYLWLHV�DW� OLPLWHG�HWK\OHQH�FRQFHQWUDWLRQV�FDQ�EH� H[SHFWHG� WR�EH� DGYDQWDJHRXV�� ,Q
WKLV�FRQWH[W��D�V\VWHPDWLF�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQVKLS�EHWZHHQ�FDWDO\VW�VWUXFWXUH�DQG�WKH
HIIHFW�RI�HWK\OHQH�FRQFHQWUDWLRQ�RQ�WKH�FKDLQ�JURZWK�UDWH�LV�RI�LQWHUHVW�
 ,W�PXVW�EH�QRWHG�WKDW
LQ�VRPH�DTXHRXV�SRO\PHUL]DWLRQV�ORFDO�FDWDO\VW�FRQFHQWUDWLRQV��H�J�� LQ�D�GURSOHW��FDQ�DOVR�EH
PXFK�KLJKHU�WKDQ�LQ�WUDGLWLRQDO�SRO\PHUL]DWLRQ�LQ�RUJDQLF�PHGLD�

%\�LQWURGXFLQJ�HOHFWURQ�ZLWKGUDZLQJ�SHUIOXRULQDWHG�VXEVWLWXHQWV�WR�WKH�ELGHQWDWH�3A2�
OLJDQG�����FI��6FKHPH�������&ODYHULH�HW�DO��KDYH�REWDLQHG�KLJKO\�DFWLYH�FDWDO\VWV�>��� ��@ $W�UDWHV

� 7R�GDWH��WKHUH�LV�QR�FRQFLVH�SLFWXUH��IRU�VHYHUDO�QHXWUDO�QLFNHO�FDWDO\VWV�ZLWK�ELGHQWDWH�OLJDQGV�DVWURQJ�GHSHQGHQFH�RI�FKDLQ�JURZWK�UDWH�RQ�HWK\OHQH�FRQFHQWUDWLRQ�KDV�EHHQ�UHSRUWHG��LQ�RUJDQLFVROYHQWV�DV�D�UHDFWLRQ�PHGLXP�� >��@ )RU�YHU\�VLPLODU�V\VWHPV�KRZHYHU��]HUR�RUGHU�GHSHQGDQFH�RQHWK\OHQH�FRQFHQWUDWLRQ�KDV�EHHQ�IRXQG�� >�����@ 6LPLODUO\��WKH�SRO\PHUL]DWLRQ�RI�HWK\OHQH�E\FDWLRQLF�3G,, RU�1L,, GLLPLQH�FRPSOH[HV�LQYHVWLJDWHG�E\�%URRNKDUW�HW�DO��LV�]HUR�RUGHU�LQHWK\OHQH>��@��EXW�YHU\�VLPLODU�FDWLRQLF�FDWDO\VWV�ZLWK�DQ�RVD]RQH�PRLHW\�LQVWHDG�RI�WKH�DU\O�LPLQH



��
RI� XS� WR� ���u��� 72 K�� ORZ�PROHFXODU�ZHLJKW� OLQHDU� PDWHULDO� �0Z �u��� J PRO���� FDQ� EH
REWDLQHG�LQ�DTXHRXV�HPXOVLRQ�DW�HWK\OHQH�SUHVVXUHV�RI����EDU��

+LJK�PROHFXODU�ZHLJKW� SRO\HWK\OHQH� KDV� EHHQ� SUHSDUHG� LQ� DTXHRXV� SRO\PHUL]DWLRQV
ZLWK� D� GLIIHUHQW� FODVV� RI� FDWDO\VWV�>��� ��@ ,Q� WUDGLWLRQDO� SRO\PHUL]DWLRQ� LQ� WROXHQH�� VXLWDEOH
UHSUHVHQWDWLYHV� RI� WKH� DIRUHPHQWLRQHG� 3A2�VXEVWLWXWHG� FDWDO\VWV� DQG� UHFHQWO\� UHSRUWHG�1A2�
VXEVWLWXWHG�VDOLF\ODOGLPLQH�EDVHG�FDWDO\VWV�DUH�NQRZQ�WR�DIIRUG�SRO\PHUV�RI�VLPLODU�PD[LPXP
0Z�>��� ��� ��� ��� ��@ +RZHYHU��E\�FRQWUDVW� WR� WKH�SUHYLRXVO\�GLVFXVVHG�DTXHRXV�SRO\PHUL]DWLRQV
ZLWK� 3A2�VXEVWLWXWHG� FDWDO\VWV�� WKH� ODWWHU� W\SH� RI� FRPSOH[HV� ZDV� IRXQG� WR� \LHOG� KLJK�
PROHFXODU�ZHLJKW�PDWHULDO� DOVR� LQ� DTXHRXV� SRO\PHUL]DWLRQ�� 6HPLFU\VWDOOLQH� SRO\HWK\OHQHV� RI
XS� WR� 0Q ��� J PRO�� ZLWK� QDUURZ� SRO\GLVSHUVLWLHV� �0Z�0Q �� WR� ��� DUH� DFFHVVLEOH� LQ� D
VXVSHQVLRQ�W\SH� SRO\PHUL]DWLRQ� ZLWK� SUHFXUVRUV� ��� $OEHLW� WKHVH� FDWDO\VWV� GLVSOD\� D� OLPLWHG
VWDELOLW\� WR� ZDWHU�� DFWLYLWLHV� RI� �u��� 72� K�� DW� URRP� WHPSHUDWXUH� DUH� REVHUYHG�� /LNH� WKH
SRO\PHUV�REWDLQHG�LQ�WUDGLWLRQDO�SRO\PHUL]DWLRQ�LQ�RUJDQLF�VROYHQWV��WKH�PDWHULDOV�REWDLQHG�LQ
ZDWHU�ZLWK�VDOLF\ODOGLPLQH�EDVHG�QLFNHO�,,��FRPSOH[HV�SRVVHVV�D�PRGHUDWH�QXPEHU�RI�PHWK\O
EUDQFKHV��2YHUDOO��DV�LQ�WKH�FDVH�RI�WKH�OLQHDU�SRO\HWK\OHQHV�REWDLQHG�ZLWK�� WR����WKH�SUHVHQFH
RI� ZDWHU� KDV� QR� HIIHFW� RQ� WKH� EDVLF� SRO\PHU� PLFURVWUXFWXUH�� 3RO\PHU� FU\VWDOOLQLW\� FDQ� EH
LQIOXHQFHG� E\� HPSOR\LQJ� QRUERUQHQH� DV� D� FRPRQRPHU�� +LJK� PROHFXODU� ZHLJKW�� DPRUSKRXV
HWK\OHQH�QRUERUQHQH� FRSRO\PHUV�ZKLFK� IRUP� ILOPV� DW� URRP� WHPSHUDWXUH� FDQ� EH� REWDLQHG� LQ
DTXHRXV�SRO\PHUL]DWLRQV�>��@

IXQFWLRQ�ZHUH�UHSRUWHG�WR�EH�ILUVW�RUGHU�LQ�HWK\OHQH� >��@�� ,Q�FRQWUDVW�WR�WKH�REVHUYDWLRQV�PDGH�ZLWK�QRQ�IOXRULQDWHG�OLJDQGV��WKHVH�DXWKRUV�KDYH�IRXQG�WKDWPROHFXODU�ZHLJKWV�RI�SRO\PHUV�REWDLQHG�LQ�DTXHRXV�DQG�QRQ�DTXHRXV�SRO\PHUL]DWLRQV�DUH�QRWGLIIHUHQW��2Q�WKH�RWKHU�KDQG��DV�IRU�WKH�QRQ�IOXRULQDWHG�OLJDQGV��WKH�DFWLYLW\�LV�ORZHUHG�LQDTXHRXV�SRO\PHUL]DWLRQ��KLQWLQJ�WKDW��IRU�WKHVH�FDWDO\VWV��FKDLQ�JURZWK�DQG�FKDLQ�WUDQVIHU�KDYHWKH�VDPH�UDWH�RUGHU�GHSHQGHQFH�RQ�HWK\OHQH�FRQFHQWUDWLRQ�



��
6\QWKHVLV� RI� VWDEOH� ODWLFHV� UHTXLUHV� VXLWDEOH� QXFOHDWLRQ� RI� SULPDU\� SDUWLFOHV� DQG

VXEVHTXHQW� VWDELOL]DWLRQ�� ,Q� FODVVLFDO� IUHH�UDGLFDO� HPXOVLRQ� SRO\PHUL]DWLRQ� ZDWHU�VROXEOH
LQLWLDWRUV�DUH�XVHG��&KDLQ�JURZWK�LQLWLDOO\�DIIRUGV�ZDWHU�VROXEOH�ROLJRPHULF�UDGLFDOV��ZKLFK�FDQ
QXFOHDWH� SDUWLFOHV� E\� FROODSVLQJ� XSRQ� WKHPVHOYHV� RU� E\� HQWHULQJ� D� VXUIDFWDQW� PLFHOOH� �FI�
VHFWLRQ ���� 6LPLODU� FRQVLGHUDWLRQV� DSSHDU� UHDVRQDEOH� IRU� WKH� DIRUHPHQWLRQHG� FDWDO\WLF
SRO\PHUL]DWLRQ�WR�VWDEOH�ODWLFHV�E\�WKH�ZDWHU�VROXEOH�FRPSOH[��D�>��� ��@ $V�D�GLIIHUHQW�VWUDWHJ\�
D�YHU\�ILQH�LQLWLDO�GLVSHUVLRQ�RI�D�K\GURSKRELF FDWDO\VW�SUHFXUVRU�FDQ�EH�DFKLHYHG�DV�D�VROXWLRQ
LQ�D�ODUJH�QXPEHU�RI�WROXHQH�KH[DGHFDQH�PLQLHPXOVLRQ�GURSOHWV��� FD� ��� QP���GLVSHUVHG�LQ
WKH�FRQWLQXRXV�DTXHRXV�SKDVH�>��� ��@

$V�RXWOLQHG�LQ�WKH�LQWURGXFWLRQ��VHFWLRQ�������PLQLHPXOVLRQ�DUH�REWDLQHG�E\�VXEMHFWLQJ
D�PL[WXUH�RI�ZDWHU��D�VXUIDFWDQW��DQ�RUJDQLF�SKDVH�DQG�D�VR�FDOOHG�K\GURSKREH�WR�KLJK�VKHDU�
0LQLHPXOVLRQV� FDQ� EH� VWDEOH� RYHU� SURORQJHG� SHULRGV� RI� WLPH�� )UHH�UDGLFDO� PLQLHPXOVLRQ
SRO\PHUL]DWLRQ� KDV� EHHQ� LQYHVWLJDWHG� H[WHQVLYHO\�� ,W� VKRXOG� EH� QRWHG�� WKDW� WKH� FDWDO\WLF
SRO\PHUL]DWLRQ�UHDFWLRQV�RI�HWK\OHQH�GLVFXVVHG�LQ�WKH�IROORZLQJ�SDUDJUDSK�GLIIHU�IURP�W\SLFDO
IUHH�UDGLFDO�SRO\PHUL]DWLRQ�RI�D�SUHIRUPHG�PLQLHPXOVLRQ�RI�D� OLTXLG�PRQRPHU �6FKHPH������
*DVHRXV� HWK\OHQH� PRQRPHU� LV� IHG� FRQWLQXRXVO\� WR� WKH� UHDFWLRQ� PL[WXUH� VXEVHTXHQWO\ WR
PLQLHPXOVLILFDWLRQ�RI�WKH�FDWDO\VW�VROXWLRQ��7KXV��SRO\PHUL]DWLRQ�RI�SUHIRUPHG�PLQLHPXOVLRQ
GURSOHWV� RI� PRQRPHU� WR� SDUWLFOHV� RI� WKH� VDPH� VL]H� DV� WKH� W\SLFDO� IHDWXUH� RI� 
PLQLHPXOVLRQ
SRO\PHUL]DWLRQ
�GRHV�QRW�DSSO\�

7KH� VWUDWHJ\� RI� XVLQJ� D� FDWDO\VW� PLQLHPXOVLRQ� IRU� ODWH[� V\QWKHVLV� RIIHUV� WZR
DGYDQWDJHV��D��FDWDO\VW�SUHFXUVRUV�GR�QRW�KDYH�WR�EH�PRGLILHG�K\GURSKLOLFDOO\��RIWHQ�UHGXFLQJ
V\QWKHWLF�HIIRUW�>��@ E��VRPHZKDW�ZDWHU�VHQVLWLYH�SUHFXUVRUV�FDQ�EH�DSSOLHG�>��@

(PSOR\LQJ�PLQLHPXOVLRQV� RI� WKH� DIRUHPHQWLRQHG� FDWDO\VWV� RI� W\SH� ��� &ODYHULH� HW� DO�
KDYH� SUHSDUHG� VWDEOH� ODWLFHV� RI� ORZ�PROHFXODU�ZHLJKW� OLQHDU� SRO\HWK\OHQH� DW� KLJK



��
SRO\PHUL]DWLRQ�UDWHV�>��@ /DWLFHV�RI�HWK\OHQH�FRSRO\PHUV�ZLWK�RWKHU�ROHILQV��VXFK�DV�XQGHFHQH�
WHWUDGHFD������GLHQH� RU� HYHQ� VW\UHQH� KDYH� DOVR� EHHQ� SUHSDUHG�>��@ ,Q� DGGLWLRQ� WR� WKH� YDULRXV
DWWUDFWLYH� DVSHFWV� RI� SRO\PHUL]DWLRQ� LQ� HPXOVLRQ�� LQ� VXFK� FRSRO\PHUL]DWLRQV� DQRWKHU
VLJQLILFDQW� DGYDQWDJH� LV� UHOHYDQW�� LQ� FRQYHQWLRQDO� HWK\OHQH� FRSRO\PHUL]DWLRQV� XVLQJ� ODWH
WUDQVLWLRQ� PHWDO� FDWDO\VWV� LQ� RUJDQLF� PHGLD�� LQFRUSRUDWLRQ� RI� ��ROHILQV� LV� XVXDOO\� ORZ� DQG
UHTXLUHV� DGGLWLRQ� RI� ODUJH� DPRXQWV� RI� WKH� FRPRQRPHU�� ,Q� HPXOVLRQ�� WKH� KLJK� ORFDO
FRQFHQWUDWLRQ� RI� WKH� OLTXLG� FRPRQRPHU� LQ� GURSOHWV� FDQ� HQDEOH� KLJK� FRPRQRPHU
LQFRUSRUDWLRQV�� &RSRO\PHUL]DWLRQ� RI� HWK\OHQH� ZLWK� FRPRQRPHUV� EHDULQJ� SRODU�� K\GURSKLOLF
PRLWLHV� LV� RI� VWURQJ� LQWHUHVW� LQ� WKH� FRQWH[W� RI� SRO\PHU� ODWLFHV�� 7R� GDWH�� HWK\OHQH
FRSRO\PHUL]DWLRQ� ZLWK� XQGHF����HQ���RO� RU� HWK\O� XQGHF����HQRDWH� KDV� EHHQ� UHSRUWHG�>��@� %\
FRPSDULVRQ� WR� HWK\OHQH� FRSRO\PHUL]DWLRQ� ZLWK� QRQ�IXQFWLRQDOL]HG� ��ROHILQV�� QR� VLJQLILFDQW
GLIIHUHQFHV�LQ�SRO\PHUL]DWLRQ�UDWH�DUH�REVHUYHG�� LQGLFDWLQJ�WKDW� WKHUH�DUH�QR�GLVDGYDQWDJHRXV
LQWHUDFWLRQV�EHWZHHQ�WKH�SRODU�PRLWLHV�DQG�WKH�FDWDO\VW��$V�IRU�WKH�DSRODU�ROHILQV��FRPRQRPHU
LQFRUSRUDWLRQ�LV�KLJK��GXH�WR�WKH�KLJK�ORFDO�FRQFHQWUDWLRQ�RI�WKH�OLTXLG�FRPRQRPHU�LQ�GURSOHWV�
$� WUDGH�RII� EHWZHHQ� WKH� DPRXQW� RI� LQFRUSRUDWHG� FRPRQRPHU� DQG� SRO\PHUL]DWLRQ� DFWLYLW\� LV
REVHUYHG��DQ�LQFUHDVHG�HWK\OHQH�FRQFHQWUDWLRQ�XQGHU�RWKHUZLVH�LGHQWLFDO�FRQGLWLRQV�UHVXOWV� LQ
KLJKHU� SRO\PHUL]DWLRQ� UDWHV� EXW� DOVR� ORZHU� FRPRQRPHU� LQFRUSRUDWLRQ�� ,Q� DOO� FDVHV�� WKH
UHVXOWLQJ� FRSRO\PHUV� ZHUH� IRXQG� WR� EH� YHU\� KHWHURJHQHRXV� LQ� QDWXUH�� GXH� WR� VLJQLILFDQW
FRPRQRPHU� FRQFHQWUDWLRQ� GULIWV� GXULQJ� WKH� SRO\PHUL]DWLRQ�� 7KLV� WUDQVODWHV� LQWR� 7P�� DV
PHDVXUHG�E\�'6&��VSDQQLQJ�RYHU�DV�PXFK�DV����&�

,Q�WKH�DIRUHPHQWLRQHG�HWK\OHQH�SRO\PHUL]DWLRQV�\LHOGLQJ�VWDEOH�ODWLFHV��ORZ�PROHFXODU�
ZHLJKW�SRO\PHU�ZDV�REWDLQHG��7R�H[SORLW�WKH�SURSHUW\�SURILOH�RI�SRO\PHU�ODWLFHV��WKH�V\QWKHVLV
RI�GLVSHUVLRQV�RI�SRO\ROHILQV�ZLWK�KLJKHU�PROHFXODU�ZHLJKWV�LV�QHFHVVDU\� 0HFNLQJ�HW�DO��KDYH
HPSOR\HG�PLQLHPXOVLRQV�RI� WKH�VRPHZKDW�ZDWHU�VHQVLWLYH�FDWDO\VW�SUHFXUVRU��E IRU�HWK\OHQH



��
SRO\PHUL]DWLRQ��+HUHE\��VWDEOH� ODWLFHV�RI�KLJK�PROHFXODU�ZHLJKW�VHPLFU\VWDOOLQH�SRO\HWK\OHQH
�0Z �u��� J PRO����0Z�0Q ��WR����FRXOG�EH�REWDLQHG�>��@

7KH�SRO\HWK\OHQH�ODWLFHV�REWDLQHG�LQ�WKH�GLIIHUHQW�HPXOVLRQ�SRO\PHUL]DWLRQ�SURFHGXUHV
XVLQJ�WKH�YDULRXV�DIRUHPHQWLRQG�QLFNHO�,,��FRPSOH[HV�GLVSOD\�DYHUDJH�SDUWLFOH�VL]HV�RI�����WR
��� QP� GLDPHWHU�� $� QXPEHU� RI� DQLRQLF� VXUIDFWDQWV� RU� QHXWUDO� VWDELOL]HUV� DUH� VXLWHG�� L�H�
FRPSDWLEOH�ZLWK� WKH� FDWDO\VWV� DQG� FDSDEOH� RI� VWDELOL]LQJ� WKH� ODWH[�� 6ROLGV� FRQWHQWV� RI� XS� WR
�� ��KDYH�EHHQ�UHSRUWHG�WR�GDWH��$�W\SLFDO�7(0�LPDJH�LV�VKRZQ�LQ�)LJXUH������%\�FRPSDULVRQ
WR�VPRRWK��VSKHULFDO� ODWH[�SDUWLFOHV�RI�DPRUSKRXV�SRO\VW\UHQH�DV�D�ZHOO�VWXGLHG�K\GURFDUERQ
SRO\PHU� SUHSDUHG� E\� IUHH�UDGLFDO� HPXOVLRQ� SRO\PHUL]DWLRQ�� WKH� UXJJHGQHVV� RI� WKH� SDUWLFOHV
VKRZQ�FDQ�EH�UDWLRQDOL]HG�E\�WKHLU�KLJK�GHJUHH�RI�FU\VWDOOLQLW\�

9HU\�UHFHQWO\��DQ�DTXHRXV�ROHILQ�SRO\PHUL]DWLRQ�XVLQJ�DQ�HDUO\�WUDQVLWLRQ�PHWDO�FDWDO\VW
KDV�DOVR�EHHQ�UHSRUWHG�>��@ $�WROXHQH�VROXWLRQ�RI�VW\UHQH�LV�SUHSRO\PHUL]HG�EULHIO\�E\�D�FDWDO\VW
SUHSDUHG� E\� FRPELQDWLRQ� RI� >�&�0H��7L�20H��@� ZLWK� D� ERUDWH� DQG� DQ� DOXPLQLXP�DON\O� DV
DFWLYDWRUV�� 7KH� UHDFWLRQ� PL[WXUH� LV� WKHQ� HPXOVLILHG� LQ� ZDWHU�� ZKHUH� IXUWKHU� SRO\PHUL]DWLRQ
RFFXUV� WR� IRUP� V\QGLRWDFWLF� SRO\VW\UHQH� VWHUHRVHOHFWLYHO\�� ,W� LV� DVVXPHG�� WKDW� WKH� FDWDO\VW� LV
FRQWDLQHG� LQ� HPXOVLILHG� GURSOHWV� DQG� LV� KHUHE\� SURWHFWHG� IURP� WKH� DFFHVV� RI� ZDWHU�� WKH
IRUPDWLRQ� RI� FU\VWDOOLQH� SRO\PHU� HQKDQFLQJ� WKLV� HIIHFW��&DWLRQLF� RU� QHXWUDO� VXUIDFWDQWV�ZHUH
IRXQG� WR� EH� VXLWHG�� ZKHUHDV� DQLRQLF� VXUIDFWDQWV� GHDFWLYDWHG� WKH� FDWDO\VW�� 7KH� FU\VWDOOLQH
SRO\VW\UHQH� IRUPHG�ZDV� UHSRUWHG� WR�SUHFLSLWDWH� IURP� WKH� UHDFWLRQ�PL[WXUH� DV� UHODWLYHO\� ODUJH
SDUWLFOHV�RI������P�
������0LVFHOODQHRXV�LQVHUWLRQ�SRO\PHUL]DWLRQV

,Q�DGGLWLRQ�WR�WKH�SUHYLRXVO\�PHQWLRQHG�UKRGLXP�FDWDO\]HG�EXWDGLHQH�SRO\PHUL]DWLRQV
�VHFWLRQ� ������ FREDOW�FDWDO\]HG� SRO\PHUL]DWLRQ� LQ� DTXHRXV� HPXOVLRQ� ZDV� LQYHVWLJDWHG� E\



��
ZRUNHUV� DW�*RRG\HDU� DQG� D� MDSDQHVH� LQGXVWULDO� JURXS� VLQFH� WKH� ����V�

 7KH� LQ� VLWX V\VWHP
>&R,,,�DFDF��@�$O(W��+�2�&6� DQG� RWKHU� VLPLODU� FDWDO\VWV� FDQ� \LHOG� KLJKO\� FU\VWDOOLQH
V\QGLRWDFWLF� ����SRO\EXWDGLHQH� �7P ���� �&��>��@ 7KH� KLJK� VWHUHRVHOHFWLYLW\� RI� WKHVH� FDWDO\VWV
KDV�EHHQ�DVFULEHG�WR�FRRUGLQDWLRQ�RI�FDUERQ�GLVXOILGH�WR�WKH�PHWDO�FHQWHU�DV�D�OLJDQG�>��@

6XFK� VWHUHRVSHFLILF� SRO\PHUL]DWLRQV� FDQ� EH� FDUULHG� RXW� LQ� DTXHRXV� HPXOVLRQ�>��� ��� ��@
DIIRUGLQJ� SRO\PHU� ODWLFHV� >(T�� �����@�>��@ $� 
SUHSRO\PHUL]DWLRQ
� ZLWK� D� VPDOO� SRUWLRQ� RI
EXWDGLHQH�PRQRPHU�LQ�WKH�SUHVHQFH�RI�RQO\�WUDFH�DPRXQWV�RI�ZDWHU�LV�UHTXLUHG��$�K\GURFDUERQ
VROXWLRQ�RI�WKLV� 
SUHSRO\PHUL]HG
�FDWDO\VW�PL[WXUH� LV�VXEVHTXHQWO\�GLVSHUVHG�LQ�ZDWHU� WRJHWKHU
ZLWK� IXUWKHU� EXWDGLHQH� DQG� SRO\PHUL]DWLRQ� SURFHHGV�� ,W� KDV� EHHQ� VSHFXODWHG�� WKDW� WKH
FDWDO\WLFDOO\�DFWLYH�VSHFLHV�LV�VKLHOGHG�IURP�WKH�DFFHVV�RI�ZDWHU�E\�WKH�SRO\PHU�IRUPHG�GXULQJ
WKH�
SUHSRO\PHUL]DWLRQ
�>��@

$TXHRXV�LQVHUWLRQ�W\SH�SRO\PHUL]DWLRQ�RI�QRUERUQHQH�DQG�VXEVWLWXWHG�GHULYDWLYHV�>(T�
�����@� KDYH� DOVR� EHHQ� LQYHVWLJDWHG�� 7ROHUDQFH� RI� QRUERUQHQH� SRO\PHUL]DWLRQ� XVLQJ
>3G�1&&+���@�%)��� DV�DQ�LQLWLDWRU�WRZDUGV�DGGHG�DPRXQWV�RI�ZDWHU�ZDV�QRWHG�E\�5LVVH�DQG
0HKOHU�LQ������>��@

,Q�������3HUH]�HW�DO��UHSRUWHG�QRUERUQHQH�SRO\PHUL]DWLRQ�LQ�DTXHRXV�HPXOVLRQ�DW�����&
XVLQJ�3G&O� DV� D� FDWDO\VW� SUHFXUVRU�>��� ��@ $� VWDEOH� ODWH[� FRQVLVWLQJ� RI� ORZ�PROHFXODU�ZHLJKW
ROLJRPHULF�PDWHULDO� �GHJUHH� RI� SRO\PHUL]DWLRQ� '3Q FD�� ���� ZDV� REWDLQHG� ZLWK� ORZ� FDWDO\VW
DFWLYLWLHV� ��� 72 K�����9HU\� VPDOO� ODWH[�SDUWLFOHV�RI���� WR� ��� QP�GLDPHWHU�ZHUH� UHSRUWHG�� ,Q


��� ,Q�GLHQH�SRO\PHUL]DWLRQ�E\�ODWH�WUDQVLWLRQ�PHWDO�FRPSOH[HV��WKH�JURZLQJ�SRO\PHU�FKDLQ�LVJHQHUDOO\�DVVXPHG�WR�FRRUGLQDWH�WR�WKH�PHWDO�FHQWHU�LQ�D�K��DOO\O�IDVKLRQ�>��@�,W�LV�GHEDWDEOH�ZKHWKHU�FKDLQ�JURZWK�E\�FRXSOLQJ�RI�WKH�SRO\PHU�FKDLQ�ZLWK�FRRUGLQDWHG�PRQRPHUPHFKDQLVWLFDOO\�DFWXDOO\�UHSUHVHQWV�DQ�LQVHUWLRQ�VWHS��RU�D�FRQFHUWHG�FRXSOLQJ�UHDFWLRQ�ZLWKIRUPDWLRQ�RI�D�QHZ�DOO\O�PRLHW\��:LWKLQ�WKH�FRQWH[W�RI�WKLV� VHFWLRQ��LW�LV�UHDVRQDEOH�KRZHYHU�WRGLVFXVV�GLHQH�SRO\PHUL]DWLRQ�WRJHWKHU�ZLWK�RWKHU�LQVHUWLRQ�SRO\PHUL]DWLRQV�



��
IUHH� UDGLFDO�SRO\PHUL]DWLRQ�RI�ROHILQLF�PRQRPHUV�� VXFK� VPDOO� SDUWLFOHV� DUH�RQO\�REWDLQHG�E\
PLFURHPXOVLRQ� SRO\PHUL]DWLRQ�� $W� WKH� VDPH� WLPH�� 1RYDN� DQG� 6DILU� EULHIO\� UHSRUWHG
SRO\PHUL]DWLRQ�RI�SRODU�VXEVWLWXWHG�QRUERUQDGLHQHV��� LQ�DTXHRXV�HPXOVLRQ�ZLWK�3G&O��>��@

5LFR�/DWWHV� DQG� FRZRUNHUV� KDYH� SRO\PHUL]HG� ZDWHU�VROXEOH� QRUERUQHQHV� VXEVWLWXWHG
ZLWK� D� JOXFRQDPLGH� RU� D� ODFWRELRQDPLGH� PRLHW\� ZLWK� ZDWHU�VROXEOH� >3G&O��73376��@� LQ
DTXHRXV� VROXWLRQ�>��@ 2OLJRPHUV� �'3�  � ��� UHVSHFWLYHO\� ���� ZHUH� REWDLQHG� ZLWK� PRGHUDWH
HIILFLHQF\� �FD�� ��� 72� RYHU� ��� K� UHDFWLRQ� WLPH��� /LNH� WKHLU� 5203�DQDORJV�� VXFK
JO\FRSRO\PHUV� KDYH� EHHQ� VXJJHVWHG� DV� WKHUDSHXWLF� DJHQWV�� &HOO� WUDQVIHFWLRQ� E\� '1$
FRPSOH[HV� RI� D� SRO\HOHFWURO\WH� SUHSDUHG� E\� SRO\PHUL]DWLRQ� RI� DQ� LRQLFDOO\�VXEVWLWXHG
QRUERUQHQH�KDV�EHHQ� LQYHVWLJDWHG�>��@ *RRGDOO� DQG� FRZRUNHUV�KDYH�GHVFULEHG�SRO\PHUL]DWLRQ
RI� EXW\OQRUERUQHQH� LQ� DTXHRXV� VXVSHQVLRQ� E\� WKH� FDWDO\VW� V\VWHP� >^DOO\O�3G���
&O�`�@�73376�/L>%�&�)���@��FRQWDLQLQJ�RQH�HTXLYDOHQW�RI�WKH�ZDWHU�VROXEOH�SKRVSKLQH�OLJDQG
73376�� $� KLJK� DFWLYLW\� RI� ���u��� 72� K�� ZDV� UHSRUWHG� LQ� D� SDWHQW�� ZKLFK� FRQVLGHUDEO\
H[FHHGV� WKH� PRGHUDWH� DFWLYLWLHV� UHSRUWHG� IRU� WKH� RWKHU� SDOODGLXP�FDWDO\]HG� DTXHRXV
QRUERUQHQH�SRO\PHUL]DWLRQV�>��@ 7KLV�PD\�EH� WDNHQ�DV�DQ� LQGLFDWLRQ�� WKDW�VLJQLILFDQWO\�KLJKHU
SURGXFWLYLWLHV�FDQ�EH�DFKLHYHG�LQ�YLQ\OLF�SRO\PHUL]DWLRQ�RI�QRUERUQHQHV�LQ�DTXHRXV�V\VWHPV�
FRPSDUHG�WR�WKH�PRGHUDWH�FDWDO\VW�HIILFLHQFLHV�UHSRUWHG�WR�GDWH�
��� 5HFHQW�SURJUHVVHV�LQ�ULQJ�RSHQLQJ�PHWDWKHVLV�SRO\PHUL]DWLRQ

5LQJ�RSHQLQJ�PHWDWKHVLV�SRO\PHUL]DWLRQ��5203��FI��6FKHPH������RI�F\FOLF�ROHILQV�LQ
QRQ�DTXHRXV� PHGLD� LV� DSSOLHG� FRPPHUFLDOO\� IRU� WKH� V\QWKHVLV� RI� D� QXPEHU� RI� VSHFLDOW\
SRO\PHUV�>��@ 3RO\�QRUERUQHQH�� LV� XVHG� DV� D� V\QWKHWLF� UXEEHU� �1RUVRUH[�� =HRQ� &RUS���
$PRUSKRXV� SRO\PHUV� SUHSDUHG� E\� SRO\PHUL]DWLRQ� RI� QRUERUQHQH�GHULYDWLYHV� �VXFK� DV
GLF\FORSHQWDGLHQH�� DQG� VXEVHTXHQW� K\GURJHQDWLRQ� RI� GRXEOH� ERQGV� LQ� WKH� SRO\PHU� DUH



��
PDUNHWHG� IRU� RSWLFDO� DSSOLFDWLRQV� �=HRQH[�� =HRQ� &RUS���� 3RO\�F\FORRFWHQH�� LV� DSSOLHG� DV� D
EOHQG� FRPSRQHQW� LQ� UXEEHUV� �9HVWHQDPHU�� 'HJXVVD� $*��� &DWDO\VWV� EDVHG� RQ� PRO\EGHQXP�
WXQJVWHQ�DQG�UXWKHQLXP�DUH�PRVW�RIWHQ�XVHG�IRU�5203�>��� ���@

$IWHU�ILUVW�LQYHVWLJDWLRQV�LQ�WKH�����V��VHFWLRQ�������D�SXEOLFDWLRQ�E\�*UXEEV�DQG�1RYDN
LQ������DWWUDFWHG�LQWHUHVW�LQ�DTXHRXV�5203�>���@

3RO\PHUL]DWLRQ� RI� IXQFWLRQDOL]HG� ��R[DQRUERUQHQHV� �� DQG� �� LQ� DTXHRXV� VROXWLRQ
XVLQJ� 5X&O� RU� >5X,,�2+���@�27V�� DV� FDWDO\VW� SUHFXUVRUV� DIIRUGHG� KLJK�PROHFXODU�ZHLJKW
SRO\PHU�ZLWK�QDUURZ�PROHFXODU�ZHLJKW�GLVWULEXWLRQV� >0Z  ����u��� J�PRO����0Z�0Q ���� IRU
SRO\�����(T�������@��7KH�DTXHRXV�VROXWLRQ�RI�WKH�FDWDO\VW�FDQ�EH�UHF\FOHG�VHYHUDO�WLPHV��ZKLFK
GHPRQVWUDWHV� D� KLJK� VWDELOLW\� WRZDUGV� ZDWHU�� 7KH� PLFURVWUXFWXUH� RI� SRO\��� SUHSDUHG� E\
DTXHRXV�5203�ZLWK�5X&O� RU�2V&O� ZDV�DQDO\]HG�E\�)HDVW�DQG�+DUULVRQ��7KH�SRO\PHUV�DUH
DWDFWLF�ZLWK�D�YDU\LQJ�UDWLR�RI�FLV��YV��WUDQV�GRXEOH�ERQGV�LQ�WKH�EDFNERQH�>���� ���@ $�QXPEHU
RI� RWKHU� IXQFWLRQDOL]HG� QRUERUQHQHV� ��� WR� ���� KDYH� EHHQ� SRO\PHUL]HG� WR� KLJK� PROHFXODU
ZHLJKW�SRO\PHU�LQ�DTXHRXV�PHGLD�>�������@ $V�IDU�DV�FDQ�EH�WROG�IURP�WKH�SXEOLVKHG�GDWD��LQ�DOO
WKHVH�FDVHV�WKH�FDWDO\VW�SUHFXUVRU�DQG�WKH�PRQRPHU���� ±�����LQLWLDOO\�IRUPHG�D�KRPRJHQHRXV
VROXWLRQ�� DQG� WKH� ZDWHU�LQVROXEOH� SRO\PHU� SUHFLSLWDWHG� GXULQJ� WKH� SRO\PHUL]DWLRQ� UHDFWLRQ�
0ROHFXODU� ZHLJKWV� FDQ� EH� UHJXODWHG� E\� DGGLQJ� DF\FOLF� ROHILQV� DV� FKDLQ�WUDQVIHU
DJHQWV�>���� ���� ���@

,Q�WKH�����V��ZHOO�GHILQHG�PHWDO�DON\OLGHQHV�ZHUH�LQWURGXFHG�DV�FDWDO\VW�SUHFXUVRUV�IRU
ROHILQ�PHWDWKHVLV�>��� �������@ (VSHFLDOO\� IRU� DTXHRXV� 5203�� UXWKHQLXP� DON\OLGHQHV� UHSUHVHQW
UHDGLO\� DFWLYDWHG�� ZHOO�GHILQHG�� HDV\� WR� KDQGOH� FDWDO\VW� SUHFXUVRUV� UHVSHFWLYHO\� LQLWLDWRUV�
:KHUHDV� LQ� LQLWLDO� ZRUN� YLQ\O�VXEVWLWXWHG� FDUEHQHV� �FI�� ��D�� ZHUH� HPSOR\HG�>���@ VRRQ
DIWHUZDUGV� PRUH� VWUDLJKWIRUZDUG� URXWHV� WR� DU\O�VXEVWLWXHG� FDUEHQHV� ���E�� ZHUH� DOVR
GHYHORSHG�>���@ 7RGD\��YLQ\O�VXEVWLWXWHG�FDUEHQHV�DUH�DOVR�DFFHVVLEOH�LQ�RQH�SRW�SURFHGXUHV>���@�



��
DQG���D DQG���E DUH�ERWK�FRPPHUFLDOO\�DYDLODEOH�

'XH� WR� WKH� ZDWHU�LQVROXELOLW\� RI� WKHVH� PHWDO� FDUEHQHV�� DTXHRXV� SRO\PHUL]DWLRQV
UHSUHVHQW� KHWHURJHQHRXV� PXOWLSKDVH� PL[WXUHV�� 1RQHWKHOHVV�� 5203� RI� WKH� K\GURSKLOLF
PRQRPHU��� RU�RI�D�K\GURSKRELF�QRUERUQHQH�LQ�DTXHRXV�HPXOVLRQ��FDWDO\VW�SUHFXUVRU���D RU
��E DGGHG�DV�PHWK\OHQH�FKORULGH�VROXWLRQ��RU�VXVSHQVLRQ�FDQ�EH�OLYLQJ��(�J���DW�D�PRQRPHU�WR
FDWDO\VW�UDWLR������E  �����ZLWK�����\LHOG�SRO\��� RI�0Z�0Q �����YV��SRO\VW\UHQH�VWDQGDUGV
ZDV� REWDLQHG�>���@ $V� D� VXUIDFWDQW� IRU� SRO\PHUL]DWLRQ� LQ� HPXOVLRQ�� WKH� FDWLRQLF
GRGHF\OWULPHWK\ODPPRQLXP�EURPLGH� �'7$%��ZDV�XVHG�SUHIHUHQWLDOO\��%ORFN� FRSRO\PHUV�RI
QDUURZ�PROHFXODU�ZHLJKW�GLVWULEXWLRQ�ZHUH�DOVR�SUHSDUHG�

:LWK� ZDWHU�VROXEOH� FDUEHQH� FRPSOH[HV� �� DQG� ZDWHU�VROXEOH� PRQRPHUV� ���� OLYLQJ
SRO\PHUL]DWLRQ�FDQ�EH�FDUULHG�RXW�LQ�DTXHRXV�VROXWLRQ��ZLWKRXW� WKH�DGGLWLRQ�RI�VXUIDFWDQWV�RU
RUJDQLF� FRVROYHQWV�>���@ $GGLWLRQ� RI� VPDOO� DPRXQWV� RI� DFLG� �XS� WR� �� HTXLY�� '&O�� LV
DGYDQWDJHRXV� IRU� FDWDO\VW� SHUIRUPDQFH�� 5HPDUNDEO\� WKH� PHWDO�DON\OLGHQH� PRLHW\� LV� QRW
DWWDFNHG�E\�WKH�DFLG��EXW�D�PRQRSKRVSKLQH�FRPSOH[�DQG�WKH�SKRVSKRQLXP�VDOW�RI� WKH� OLJDQG
DUH� IRUPHG� LQVWHDG�� 0RQLWRULQJ� RI� UXWKHQLXP�DON\OLGHQH� VSHFLHV� GXULQJ� WKH� SRO\PHUL]DWLRQ
UHDFWLRQ�E\�105�FRQILUPV�WKHLU�KLJK�VWDELOLW\�WRZDUGV�ZDWHU�

5203� RI� QRUERUQHQH� LQ� DTXHRXV� HPXOVLRQ� HPSOR\LQJ� UXWKHQLXP�,9�� FRPSOH[HV>���@
ZLWK� ELV�DOO\O�� OLJDQGV� VXFK� DV� WKH� ZDWHU�VROXEOH� >�K�� K��&��+���5X�2+���2$F�@%)� DV
FDWDO\VW�SUHFXUVRUV�KDV�EHHQ�UHSRUWHG�E\�:DFKH�HW�DO�>���@ +LJK�PROHFXODU�ZHLJKW�SRO\PHU�ZLWK
DQ�XQXVXDOO\�KLJK�FLV FRQWHQW�ZDV�REWDLQHG�ZLWK�UDWHV�RI�����72�K���

.LHVVOLQJ� HW� DO�� KDYH� XWLOL]HG� 5203� IRU� WKH� V\QWKHVLV� RI� QHRJO\FRSRO\PHUV�� WKDW� LV
V\QWKHWLF�� QRQ�QDWXUDO� SRO\PHU� EHDULQJ� FDUERK\GUDWH� PRLHWLHV�>���@ &DUERK\GUDWH�VXEVWLWXWHG
PRQRPHUV�FDQ�EH�HPSOR\HG�ZLWKRXW�SURWHFWLRQ�RI�WKH�K\GUR[R�JURXSV��FRQVLGHUDEO\�UHGXFLQJ
V\QWKHWLF�HIIRUW��$V� WKH�PRQRPHUV�DQG�DOVR� WKH�GHVLUHG�SRO\PHUV�DUH�ZDWHU�VROXEOH�� DTXHRXV



��
5203�FDQ�RIIHU� WKH�DGYDQWDJH�RI�D�KRPRJHQHRXV� UHDFWLRQ��EHQHILFLDO� IRU�PROHFXODU�ZHLJKW
FRQWURO� DQG� FDWDO\VW� HIILFLHQF\�� 5203� RI� ��R[DQRUERUQHQHV� VXEVWLWXWHG� ZLWK� JOXFRVH� RU
PDQQRVH�PRLHWLHV�ERXQG�YLD�&��RU�2�JO\FRVLGLF�OLQNDJHV�DIIRUGHG�QHRJO\FRSRO\PHUV��VXFK�DV
���>���� ���@

7KH�SRO\PHUL]DWLRQ�FDQ�EH�FDUULHG�RXW�ZLWK�DQ�DTXHRXV�VROXWLRQ�RI�5X&O� DV�D�FDWDO\VW
SUHFXUVRU�� 5HODWLYH�PROHFXODU� ZHLJKWV� RI� FD�� ��� E\� FRPSDULVRQ� WR� GH[WUDQ� VWDQGDUGV� ZHUH
HVWLPDWHG��7KH�SRO\PHUV�FRQWDLQ�FLV��DV�ZHOO�DV�WUDQV�GRXEOH�ERQGV�LQ�WKH�EDFNERQH�LQ�URXJKO\
HTXDO� DPRXQWV�� ZKLFK� FDQ� EH� UHGXFHG� WR� \LHOG� D� VDWXUDWHG� SRO\PHU� HPSOR\LQJ� K\GUD]LQH
UHGXFWLRQ�>���@ 8WLOL]DWLRQ� RI� DON\OLGHQH� FRPSOH[HV��� UHTXLUHV�ZRUNLQJ� LQ� HPXOVLRQ�� GXH� WR
WKHLU� ZDWHU�LQVROXELOLW\� �ZDWHU�PHWK\OHQH� FKORULGH�VXUIDFWDQW��>���� ���@ ,Q� 5203� RI� D
FDUER[LPLGH�IXQFWLRQDOL]HG� QRUERUQHQH� �FI�� ���� 1�VXEVWLWXWHG� ZLWK� D� FDUERK\GUDWH� PRLHW\�
LQFUHDVLQJ�DYHUDJH�GHJUHHV�RI�SRO\PHUL]DWLRQ�LQ�WKH�UDQJH�RI�'3Q  ����WR�����ZHUH�REVHUYHG
ZLWK� LQFUHDVLQJ� PRQRPHU� WR� FDWDO\VW� UDWLR� ���E DV� D� FDWDO\VW� SUHFXUVRU��� 7KLV� LQGLFDWHV� D
FHUWDLQ� GHJUHH� RI� PROHFXODU� ZHLJKW� FRQWURO�� DOEHLW� PROHFXODU� ZHLJKW� GLVWULEXWLRQV� ZHUH� QRW
UHSRUWHG�>���@ 7KH� HU\WKURF\WH� DJJOXWLQDWLQJ� DFWLYLW\� RI� WKH� SURWHLQ� FRQFDQDYDOLQ� $� FDQ� EH
LQKLELWHG�E\�ELQGLQJ�RI� FDUERK\GUDWHV��6WUXFWXUH�DFWLYLW\� UHODWLRQVKLS� KDYH� EHHQ� LQYHVWLJDWHG
XVLQJ� FDUERK\GUDWH�VXEVWLWXWHG� SRO\PHUV� SUHSDUHG� E\� 5203� DV� PXOWLYDOHQW
LQKLELWRUV�>���� ���� ���� ���@

,Q� WKH� DIRUHPHQWLRQHG� 5203V� LQ� HPXOVLRQ� IRUPDWLRQ� RI� D� SRO\PHU� ODWH[� KDV� EHHQ
QRWHG� EULHIO\� ZLWKRXW� IXUWKHU� GHWDLOV�� %RRWK� HW� DO�� UHSRUWHG� 5203� RI� WKH� IXQFWLRQDOL]HG
PRQRPHU��� E\�5X&O� WR�VWDEOH�GLVSHUVLRQV�RI�KLJK�PROHFXODU�ZHLJKW�SRO\PHU����� J�PRO�� YV�
36� VWDQGDUGV��� $� 3(2�E�332�E�3(2� FRSRO\PHU� ZDV� XWLOL]HG� DV� D� VWHULF� VWDELOL]HU� �3(2�  
SRO\HWK\OHQR[LGH��332� �SRO\SURS\OHQR[LGH��>���@ :KHUHDV�WKH�PRQRPHU�LV�ZDWHU�VROXEOH��WKH
SRO\PHULF� SURGXFW� LV� QRW�� DQG� LQ� WKLV� UHVSHFW� WKH� UHDFWLRQ� UHVHPEOHV� D� GLVSHUVLRQ



��
SRO\PHUL]DWLRQ��7KH�VWDEOH�ODWLFHV�REWDLQHG�FRQVLVW�RI�UHPDUNDEO\�VPDOO�SDUWLFOHV�RI�H�J�����QP
GLDPHWHU��(PXOVLRQ�SRO\PHUL]DWLRQ�RI�QRUERUQHQH�E\�YDULRXV�UXWKHQLXP�FDWDO\VWV�KDV�UHFHQWO\
EHHQ�LQYHVWLJDWHG�LQ�GHWDLO�E\�&ODYHULH�HW�DO�>���@ 8VLQJ�WKH�ZDWHU�VROXEOH�FDUEHQH�FRPSOH[���E
RU� DQ� LQ� VLWX� V\VWHP� >5X&O��73376��@�HWK\O� GLD]RDFHWDWH� DV�ZDWHU�VROXEOH� FDWDO\VWV�� DYHUDJH
DFWLYLWLHV�RI�XS�WR���� 72�K�� ZHUH�REVHUYHG�DW�����&�LQ�D����PLQ�SRO\PHUL]DWLRQ�H[SHULPHQW
�IRU� WKH� VWUXFWXUH� RI� WKH�ZDWHU�VROXEOH� SKRVSKLQH�73376� FI�� VHFWLRQ� �������� 3RO\QRUERUQHQH
ODWLFHV� FRQVLVWLQJ� RI� UHODWLYHO\� VPDOO� SDUWLFOHV� RI� JHQHUDOO\� OHVV� WKDQ� ���� QP� GLDPHWHU�ZHUH
REWDLQHG�� 7KH� DQLRQLF� VXUIDFWDQWV� 6'6� RU� 'RZID[�%�� ZHUH� XVHG�� DQG� HOHFWURVWDWLFDOO\
VWDELOL]HG� ODWLFHV�ZLWK� VROLGV� FRQWHQWV�RI�XS� WR�����ZHUH�REWDLQHG�ZLWK� WKH� ODWWHU� VXUIDFWDQW
�'RZID[�%�� LV� WKH� GLVRGLXP� VDOW� RI� GLVXOIRQDWHG� GHF\O�VXEVWLWXWHG� GLSKHQ\OR[LGH��� 8QOLNH
W\SLFDO�IUHH�UDGLFDO�HPXOVLRQ�SRO\PHUL]DWLRQV��WKH�SDUWLFOH�QXPEHU�LQFUHDVHV�FRQWLQXRXVO\�ZLWK
FRQYHUVLRQ�� LQGLFDWLQJ�FRQWLQXRXV�QXFOHDWLRQ��7KH�REVHUYHG�GHSHQGHQFH�RI�SDUWLFOH�QXPEHUV
RQ� UHDFWLRQ� FRQGLWLRQV� LQGLFDWHV� KRPRJHQHRXV� QXFOHDWLRQ� WR� RFFXU�� HYHQ� LQ� WKH� SUHVHQFH� RI
VXUIDFWDQW�PLFHOOHV��7R�HQDEOH�XWLOL]DWLRQ�RI�WKH�FRPPHUFLDOO\�DYDLODEOH�K\GURSKRELF�FDUEHQH
FRPSOH[���E DV�D�FDWDO\VW�SUHFXUVRU�IRU�ODWH[�V\QWKHVLV��WKH�ODWWHU�ZDV�HPSOR\HG�DV�D�VROXWLRQ
LQ� WROXHQH�KH[DGHFDQH� PLQLHPXOVLRQ� GURSOHWV� �FI�� VHFWLRQ �������� +HUHE\�� LQ� DGGLWLRQ� WR
QRUERUQHQH��F\FORRFWHQH�DQG�F\FORRFWDGLHQH��ZKLFK�DUH�XQUHDFWLYH�WRZDUGV�WKH�ZDWHU�VROXEOH
FDWDO\VWV��FDQ�EH�SRO\PHUL]HG�WR�ODWLFHV�RI�KLJK�PROHFXODU�ZHLJKW�SRO\PHUV��&RSRO\PHUL]DWLRQ
RI�F\FORSHQWHQH�DQG�F\FORRFWHQH�E\���E LQ�PLQLHPXOVLRQ�KDV�DOVR�EHHQ�UHSRUWHG�LQGHSHQWO\�E\
.�KQ� HW� DO�>���@ &RSRO\PHUL]DWLRQ� RI� QRUERUQHQH� ZLWK� SRO\�HWK\OHQH� R[LGH��VXEVWLWXWHG
QRUERUQHQH�PDFURPRQRPHUV�E\���E WR�DIIRUG�ODWH[�SDUWLFOHV�KDV�EHHQ�UHSRUWHG�>���@ $OWKRXJK
WKLV� UHDFWLRQ� ZDV� FDUULHG� RXW� LQ� HWKDQRO�PHWK\OHQH� FKORULGH� PL[WXUHV� DQG� WKXV� GRHV� QRW
UHSUHVHQW�DQ�DTXHRXV�SRO\PHUL]DWLRQ��IURP�WKH�YLHZSRLQW�RI�FROORLG�FKHPLVWU\�LW�LV�LQWHUHVWLQJ
WKDW� WKH� FRQFHSW� RI� SRO\PHUL]DEOH� VWDELOL]HUV� �µVXUIPHUV¶�>���@��ZHOO� NQRZQ� IURP� IUHH� UDGLFDO



��
SRO\PHUL]DWLRQ��KDV�EHHQ�DSSOLHG�WR�D�GLVSHUVLRQ�W\SH�5203�
��� 5HFHQW�SURJUHVVHV�LQ�FDWDO\WLF�SRO\PHUL]DWLRQ�RI�DON\QHV
����� ,QWURGXFWLRQ

7ZHQW\� ILYH� \HDUV� DIWHU� WKH� ILUVW� UHSRUW� RQ� FDWDO\WLF� SRO\PHUL]DWLRQ� RI� DFHW\OHQH� E\
6KLULNDZD��0F'LDUPLG�DQG�+HHJHU�>���@ WKH�1REHO�SUL]H�KDV�EHHQ�DZDUGHG�WR�WKHVH�UHVHDUFKHUV
IRU� WKHLU� FRQWULEXWLRQ� WR� WKH� ILHOG� RI� FRQGXFWLQJ� SRO\PHUV�� ,QGHHG�� VXFK� SRO\PHUV� KDYH
SURPLVLQJ� DSSOLFDWLRQV� VXFK� DV� ORZ�ZHLJKW�KLJK� FKDUJH� GHQVLW\� EDWWHULHV�� SRO\PHU�PRGLILHG
HOHFWURGHV��RU�FDSDFLWRUV�WR�QDPH�RQO\�D�IHZ��'ULYHQ�E\�WKHVH�DSSOLFDWLRQV��GLIIHUHQW�FODVVHV�RI
SRO\DFHW\OHQHV� KDYH� EHHQ� V\QWKHVL]HG� VWDUWLQJ� IURP� DFHW\OHQH� LWVHOI� DQG� IURP� PRQR�� RU
GLVXEVWLWXWHG�DFHW\OHQH�GHULYDWLYHV�

$ON\QH� SRO\PHUL]DWLRQ� LQ� RUJDQLF� PHGLD� KDV� EHHQ� UHYLHZHG� UHFHQWO\�>���@ $� ODUJH
YDULHW\� RI� FDWDO\VWV� KDV� EHHQ� UHSRUWHG� WR� SRO\PHUL]H� DON\QHV� LQ� RUJDQLF� PHGLD�� 6LPLODU� WR
SRO\PHUL]DWLRQ�RI�ROHILQV��HDUO\� WUDQVLWLRQ�PHWDO�DV�ZHOO�DV� ODWH� WUDQVLWLRQ�PHWDO�FDWDO\VWV�DUH
HIIHFWLYH� IRU� WKLV� SRO\PHUL]DWLRQ�� 'HSHQGLQJ� RQ� WKH� QDWXUH� RI� WKH� PHWDO�� WZR� GLIIHUHQW
PHFKDQLVPV� RI� SRO\PHUL]DWLRQ� KDYH� EHHQ� VXJJHVWHG�� SRO\PHUL]DWLRQ� YLD� D� PHWDO� DON\O
LQWHUPHGLDWH�� RU� YLD� D� PHWDO� FDUEHQH� �6FKHPH� ������ :LWK� PHWDO� DON\O� FRPSOH[HV�
SRO\PHUL]DWLRQ� SURFHHGV� YLD� PLJUDWRU\� LQVHUWLRQ� RI� WKH� DON\QH� LQWR� WKH� PHWDO� FDUERQ� ERQG
>SDWK� �D�@� ZKHUHDV� ZLWK�PHWDO� FDUEHQHV�� WKH�PHFKDQLVP� LV� HTXLYDOHQW� WR� WKDW� RI� PHWDWKHVLV
>SDWK��E�@�

0RVW� HDUO\� WUDQVLWLRQ�PHWDO� FRPSOH[HV� DUH� FRQVLGHUHG� WR� FDWDO\]H� WKH� SRO\PHUL]DWLRQ
WKURXJK�PHWDO�DON\O�W\SH�LQWHUPHGLDWHV� $�W\SLFDO�H[DPSOH�RI�VXFK�D�FDWDO\VW��DIIRUGLQJ�D�KLJK
PROHFXODU�ZHLJKW�SRO\DFHW\OHQH�>���@ LV�7L�2Q%X���(W�$O�>���@ 7KH�DON\O�DOXPLQXP�LV�WKRXJKW�WR



��
DON\ODWH� WKH� WLWDQLXP� FHQWHU�� WKXV� JHQHUDWLQJ� D� WLWDQLXP� HWK\O� FRPSOH[�� LQ� ZKLFK� PLJUDWRU\
LQVHUWLRQ� RFFXUV�� $V� LQ� ��ROHILQ� SRO\PHUL]DWLRQ�� FKDLQ� WUDQVIHU� SURFHHGV� YLD� E�K\GULGH
HOLPLQDWLRQ�� JHQHUDWLQJ� D� WLWDQLXP� K\GULGH� FRPSOH[�� 2WKHU� FDWDO\WLF� V\VWHPV� LQFOXGH
>9�PPK��@�(W�$O�>���@ >&R�12���@�1D%+�>���@ RU� >)H�DFDF��@�(W�$O� �PPK� � ��PHWK\O�EXWDQH�
����GLRQDWR��DFDF� �DFHW\ODFHWRQDWH��>���@ 7KH�QHFHVVLW\�RI�DFWLYDWLQJ�PRVW�RI�WKHVH�FRPSOH[HV
ZLWK� DOXPLQLXP� DON\O� FRFDWDO\VWV� LV� GLVDGYDQWDJHRXV� ZLWK� UHJDUG� WR� SRO\PHUL]DWLRQV� LQ
DTXHRXV�V\VWHPV�

$OWKRXJK�VHYHUDO�UKRGLXP�FDUEHQHV��XVHG�LQ�F\FORSURSDQDWLRQ�RI�DONHQHV��DUH�NQRZQ�
DON\QH� SRO\PHUL]DWLRQ� FDWDO\VWV� EDVHG� RQ� UKRGLXP� DUH� WKRXJKW� WR� SURSDJDWH� LQ� D� VLPLODU
IDVKLRQ�DV�HDUO\�WUDQVLWLRQ�PHWDO�FDWDO\VWV��7R�RXU�NQRZOHGJH��WKH�ILUVW�UKRGLXP�EDVHG�FDWDO\VW
V\VWHP� ZDV� 5K&O��/L%+��>���@ 6XEVHTXHQWO\�� UKRGLXP� FRPSOH[HV� ��>���@�� ��>���@ DQG� ��>���@
EHDULQJ� GLHQH� OLJDQGV� ZHUH� WKHQ� XVHG� IRU� WKH� V\QWKHVLV� RI� VWHUHRUHJXODU� FLV�WUDQVRLGDO
SRO\SKHQ\ODFHW\OHQH� ZLWK� KLJK� SRO\PHU� \LHOG� 8VXDOO\�� LQLWLDWLRQ� RI� FKDLQ� JURZWK� ZLWK
UKRGLXP�FDWDO\VWV�GRHV�QRW�UHTXLUH�DQ\�DON\ODWLQJ�DJHQW��.HUQ�KDV�SRVWXODWHG�IRUPDWLRQ�RI�DQ
DFWLYH� VSHFLHV� YLD� R[LGDWLYH� DGGLWLRQ� RI� WKH� WHUPLQDO� DON\QH� WR� UKRGLXP�� VR� FDOOHG
K\GURHWK\Q\ODWLRQ�>���@ 7KLV� UHDFWLRQ� KDV� DOVR� EHHQ� UHSRUWHG� E\� :HUQHU� HW� DO�>���@�� ZKHQ
FRQWDFWLQJ�>5K&O�3L3U���@�ZLWK�SKHQ\ODFHW\OHQH�LQ�WKH�SUHVHQFH�RI�S\ULGLQH��WKH�DON\QH�K\GULGH
FRPSOH[��� LV� JHQHUDWHG� �6FKHPH� ����� ,Q� WKH� SUHVHQFH� RI� D� EDVH� VXFK� DV� F\FORSHQWDGLHQ\O
VRGLXP��D�WHWUDFRRUGLQDWHG�5K, FRPSOH[��� ZDV�REWDLQHG�DQG�LVRODWHG�

0HWDOV�RI�JURXSV���DQG����1E��7D��0R�DQG�:��DUH�NQRZQ�WR�IRUP�FDUEHQH�FRPSOH[HV
DQG�DUH�ZLGHO\�XVHG�LQ�ROHILQ�PHWDWKHVLV�>����������@ 7KHUHIRUH��WKH�SRO\PHUL]DWLRQ�RI�VXEVWLWXWHG
DON\QHV� ZLWK� FDWDO\VWV� EDVHG� RQ� WKHVH� PHWDOV� LV� DVVXPHG� WR� SURFHHG� YLD� D� PHWDWKHVLV�W\SH
PHFKDQLVP��)RU� FDWDO\VWV� SUHSDUHG� LQ� VLWX��PHWDO� FKORULGHV� DQG�PHWDO� FDUERQ\OV� DUH� WKH� WZR
PRVW� LPSRUWDQW� FODVVHV�RI�SUHFXUVRUV��$ON\QH�SRO\PHUL]DWLRQV�ZLWK�PHWDO� FKORULGHV� �0R&O��



��
:&O��� 1E&O� DQG� 7D&O��� KDYH� EHHQ� LQYHVWLJDWHG� E\�0DVXGD� HW� DO�>���@� 0R&O��� ZLWKRXW� DQ\
DGGLWLRQDO� FRFDWDO\VW�� KDV� ILUVW� EHHQ� XVHG� IRU� WKH� V\QWKHVLV� RI� SRO\SKHQ\ODFHW\OHQH>���@ EXW
FDWDO\VW�HIILFLHQF\�LV�JUHDWO\�LQFUHDVHG�XSRQ�DGGLWLRQ�RI�D�FRFDWDO\VW��VXFK�DV�Q%X�6Q��(W�6L+�
3K�6E�RU�3K�%L��>���@ ,Q� DGGLWLRQ� WR� WKHVH� LOO� GHILQHG� FDWDO\VW� V\VWHPV�� DON\OLGHQH� FRPSOH[HV
EDVHG�RQ� WXQJVWHQ� ������ >���@ DQG���>���@���PRO\EGHQXP>���@ ���� DQG� WDQWDOXP>���@� �����KDYH
EHHQ�V\QWKHVL]HG�DQG� LVRODWHG�SULRU� WR�SRO\PHUL]DWLRQ��7KHVH�ZHOO�GHILQHG�FDWDO\VW�SUHFXUVRU
GR� QRW� UHTXLUH� D� FRFDWDO\VW� IRU� SRO\PHUL]DWLRQ�� 'HVSLWH� WKHLU� DGYDQWDJHV�� WKHVH� PHWDOV� RI
JURXSV� �� DQG� �� DUH� KLJKO\� HOHFWURSKLOLF� ZKLFK� LV� GLVDGYDQWDJHRXV� IRU� WKHLU� XVH� LQ� DTXHRXV
SRO\PHUL]DWLRQV�
����� &DWDO\WLF�SRO\PHUL]DWLRQ�RI�DON\QHV�LQ�DTXHRXV�V\VWHPV

$V� IRU� RWKHU� FRRUGLQDWLRQ� SRO\PHUL]DWLRQV�� WKH� XWLOL]DWLRQ� RI� ZDWHU� DV� D� UHDFWLRQ
PHGLXP� UDLVHV� LVVXHV� VXFK� DV� FDWDO\VW� VWDELOLW\� WRZDUGV� ZDWHU�� DQG� PLVFLELOLW\� RI� WKH
PRQRPHUV�� SRO\PHUV� DQG� WKH� FDWDO\VW� ZLWK� ZDWHU�� &RQFHUQLQJ� WKH� FDWDO\VW� VWDELOLW\� WRZDUGV
ZDWHU�� WR�GDWH�SRO\PHUL]DWLRQV�RI� DON\QHV� LQ� DTXHRXV� V\VWHPV�KDYH�RQO\�EHHQ� UHSRUWHG�ZLWK
UKRGLXP� DQG� LULGLXP� FDWDO\VWV�� 8QIRUWXQDWHO\�� WKH�PHFKDQLVP� RI� SRO\PHUL]DWLRQ� ZLWK� WKHVH
FRPSOH[HV�LQ�QRQ�DTXHRXV��RUJDQLF�UHDFWLRQ�PHGLD�KDV�QRW�EHHQ�FRPSOHWHO\�HOXFLGDWHG��YLGH
VXSUD��

%OXP��6FKXPDQQ�DQG�FRZRUNHUV�UHSRUWHG�WKH�ILUVW�VWXG\�RQ�DON\QH�SRO\PHUL]DWLRQ�ZLWK
ZDWHU�VROXEOH�UKRGLXP�FRPSOH[HV�LQ�KRPRJHQHRXV�RU�ELSKDVLF�DTXHRXV�V\VWHPV�>���@ 6HYHUDO
FRPSOH[HV�ZHUH� XWLOL]HG��5K&O�Â�+�2�� >5K&O�WSSPV��@Â�+�2� �WSSPV�  � ��3K�3&�+�62�1D��
>5K&O�FRG��WSSPV�@Â+�2� �FRG�  � ����F\FORRFWDGLHQH��� >5K�P���3K�3&�+�62���FRG�@��� >5K�P�
63K����3K�3&�+�&2�+��&2�@�� DQG� WKH� FOXVWHU� >5K�2�2$F����+�2��@2$F�� 7ULPHUL]DWLRQ� RI
SURS\QRLF�DFLG�DQG�ROLJRPHUL]DWLRQ�RI�SKHQ\ODFHW\OHQH�ZHUH� LQYHVWLJDWHG�ZLWK� WKHVH�FDWDO\VW



��
SUHFXUVRUV�

,Q� WKH� F\FORWULPHUL]DWLRQ� RI� SURS\QRLF� DFLG�� WULPHOOLWLF� �������&�+��&2�+���� DQG
WULPHVLF�DFLG� �������&�+��&2�+����DUH�REWDLQHG�DV�D�SURGXFW�RI�KHDG� WR�KHDG�RU�KHDG� WR� WDLO
OLQNDJH��UHVSHFWLYHO\��)RU�WKH�VDNH�RI�FRPSDULVRQ��UHDFWLRQV�ZHUH�FRQGXFWHG�ERWK�LQ�QHDW�ZDWHU
DQG� LQ� QHDW� 7+)�� ,Q� DOO� FDVHV�� WKH� \LHOG� RI� WKH� WULPHU� ZDV� KLJKHU� LQ� WKH� DTXHRXV� V\VWHP�
HYLGHQFLQJ�WKH�KLJK�WROHUDQFH�RI�WKH�UKRGLXP�FDWDO\VW�WRZDUGV�ZDWHU�

3RO\PHUL]DWLRQ� RI� WKH� ZDWHU�LQVROXEOH� PRQRPHU� SKHQ\ODFHW\OHQH� ZLWK� WKH� VDPH
FDWDO\VWV�ZDV� LQYHVWLJDWHG� LQ�ERWK�KRPRJHQHRXV� �7+)�� DQG�ELSKDVLF� V\VWHPV� �WROXHQH�ZDWHU
������,Q�WKH�ELSKDVLF�PL[WXUH��>5K&O�FRG��WSSPV�@Â+�2�DIIRUGHG�D�SRO\PHU�ZLWK�D�ORZ�DFWLYLW\
�FD�� 72� ��� K���� ZKHUHDV� DOO� RWKHU� FDWDO\VWV� RQO\� GLPHUL]HG� RU� WULPHUL]HG� WKH�PRQRPHU� %\
FRPSDULVRQ��LQ�UHIOX[LQJ�7+)�VROXWLRQ��>5K&O�FRG��WSSPV�@Â+�2�\LHOGHG�RQO\�ORZ�ROLJRPHUV
ZLWK� D� YHU\� ORZ� DFWLYLW\� �72�  � ���� K����� 7KH� UHDVRQV� IRU� WKLV� DSSDUHQW� HQKDQFHPHQW� LQ
SURSDJDWLRQ�UDWH�LQ�WKH�SUHVHQFH�RI�ZDWHU�DUH�XQFOHDU�

/DWHU�� 7DQJ� HW� DO� VWXGLHG� WKH� SRO\PHUL]DWLRQ� RI� SKHQ\ODFHW\OHQH� DQG� RI� SDUD�
VXEVWLWXWHG� SKHQ\ODFHW\OHQHV� ZLWK� OLSRSKLOLF� DQG� ZDWHU�VROXEOH� FDWDO\VWV�>���@ :LWK
>5K�QEG�&O@� �����QEG� �QRUERUQDGLHQH���D�VWURQJ�LQIOXHQFH�RI�WKH�QDWXUH�RI�WKH�VROYHQW�RQ�WKH
SRO\SKHQ\ODFHW\OHQH�\LHOG�ZDV�REVHUYHG��:KHUHDV�DOPRVW�QR�SRO\PHU�LV�REWDLQHG�LQ� WROXHQH�
����FRQYHUVLRQ� LV�REVHUYHG� LQ�ZDWHU�ZLWKLQ����PLQ� �FRUUHVSRQGLQJ� WR����� WXUQRYHUV���7KLV
HIIHFW� LV� HYHQ� HQKDQFHG� ZLWK� �S�PHWK\O�SKHQ\O�DFHW\OHQH� DV� D� PRQRPHU�� 7KH� SRO\PHU
PROHFXODU� ZHLJKW� LV� DOVR� LQFUHDVHG� JRLQJ� IURP� WROXHQH� WR� ZDWHU�� WKH� SRO\SKHQ\ODFHW\OHQH
REWDLQHG�LQ�WKH�DTXHRXV�V\VWHP�EHLQJ�LQVROXEOH�HYHQ�LQ�7+)��7KHVH�WZR�HIIHFWV�DUH�LQWULJXLQJ
DV�QHLWKHU�WKH�FDWDO\VW�QRU�WKH�PRQRPHU�KDYH�EHHQ�QRWHG�WR�EH�VROXEOH�LQ�WKH�UHDFWLRQ�PHGLXP�
6LPLODU� UHVXOWV� LQ� WHUPV� RI� SRO\PHU� \LHOG� DQG� RI� PROHFXODU� ZHLJKW� ZHUH� REWDLQHG� ZLWK
>5K�FRG�&O@� ����� LQ� ZDWHU�� 7KH� SRO\PHU� PLFURVWUXFWXUH� LV� KLJKO\� VWHUHRUHJXODU� ZLWK� D� FLV



��
FRQWHQW�RI� ����DV� GHWHUPLQHG� E\� WKH�PHWKRG� RI� 6LPLRQHVFX� DQG�3HUFHF�>���@ 8QIRUWXQDWHO\�
SRO\PHUL]DWLRQ�LQ�SXUH�SKHQ\ODFHW\OHQH�PRQRPHU�KDV�QRW�EHHQ�UHSRUWHG�DQG�WKHUHIRUH�LW�LV�QRW
SRVVLEOH� WR� FRQFOXGH�ZKHWKHU�ZDWHU� LV� RQO\� D� GLVSHUVLRQ�PHGLXP�� RU� LI� LW� LQWHUDFWV�ZLWK� WKH
FDWDO\VW�

$TXHRXV�SRO\PHUL]DWLRQV�RI�SKHQ\ODFHW\OHQH�KDYH�EHHQ�FDUULHG�RXW�ZLWK�VHYHUDO�RWKHU
UKRGLXP�FRPSOH[HV�RI� WKH�JHQHUDO� IRUPXOD� >5K&O�FRG��/�@��/� UHSUHVHQWLQJ� D� QLWURJHQ�EDVHG
OLJDQG��VXFK�DV�1+���W%X1+���SLSHULGLQH�RU�1�PHWK\OLPLGD]ROH�>���@�7KHVH�FDWDO\VWV�DOVR�DIIRUG
KLJK� SRO\PHU� \LHOGV�� ZLWK� SRO\PHU� PROHFXODU� ZHLJKWV� EHWZHHQ� �î��� DQG� ���î��� J� PRO��
�0Z�0Q DURXQG����ZLWK�D�KLJK�FLV FRQWHQW��DURXQG������

%HVLGHV� WKLV� ZRUN� ZLWK� UDWKHU� OLSRSKLOLF� FDWDO\VW� SUHFXUVRUV�� WZR� ZDWHU� VROXEOH
DQDORJXHV� KDYH� EHHQ� LQYHVWLJDWHG�� >5K�WRV��FRG��+�2�@� ����� WRV�  � WRV\ODWH�� DQG� WKH� VLPLODU
FRPSRXQG�>5K�WRV��QEG��+�2�@������>���@ 7KH�DXWKRUV�KDYH�YHULILHG�WKDW�ZDWHU�LV�VWLOO�WKH�EHVW
UHDFWLRQ�PHGLXP�IRU�SRO\PHUL]DWLRQ�RI�SKHQ\ODFHW\OHQH�FRPSDUHG� WR� WROXHQH��7+)�DQG�QHDW
PRQRPHU�� WKXV� LQGLFDWLQJ� D� SRVVLEOH� LQYROYHPHQW� RI� ZDWHU� LQ� WKH� IRUPDWLRQ� RI� WKH� DFWLYH
FDWDO\VW������72�LQ�ZDWHU���:LWK�FDWDO\VW�SUHFXUVRU�����ORZ�SRO\GLVSHUVLWLHV�DQG�D�FLV FRQWHQW
RI�����DUH�IRXQG��ZKHUHDV�FDWDO\VW�SUHFXUVRU��� DIIRUGV�D�ODUJHU�SRO\GLVSHUVLW\�EXW�D�KLJKHU�FLV
FRQWHQW� �������� ,QWHUHVWLQJO\�� WKHVH� FDWDO\VWV� SURYHG� WR� EH� WROHUDQW� WR� DLU� VLQFH� VLPLODU
SRO\PHUL]DWLRQ�UHVXOWV�DUH�REWDLQHG�ZLWK�WDS�ZDWHU�ZLWKRXW�H[FOXVLRQ�RI�DLU�

-RR�HW�DO� XWLOL]HG�WKH�KLJKO\�ZDWHU�VROXEOH�UKRGLXP�FRPSOH[�>5K&O�&2��73376��@�IRU
WKH�SRO\PHUL]DWLRQ�RI� WHUPLQDO�DON\QHV� �SKHQ\ODFHW\OHQH�DQG� ���PHWK\OSKHQ\O�DFHW\OHQH��)RU
WKH� VWUXFWXUH�RI�73376�FI�� VHFWLRQ��������>���@ 7KLV� FDWDO\VW� VHOHFWLYHO\�SURGXFHV�FLV�WUDQVRLG
SRO\PHUV�DW�URRP�WHPSHUDWXUH�LQ�KRPRJHQHRXV�VROXWLRQ�LQ�ZDWHU�PHWKDQRO�PL[WXUHV��DV�ZHOO
DV�LQ�ELSKDVLF�PL[WXUHV�RI�ZDWHU�DQG�FKORURIRUP��7KH�UDWH�RI�SRO\PHUL]DWLRQ�LV�KLJKHU� LQ� WKH
KRPRJHQHRXV� PHGLXP� �+�2�0H2+�� WKDQ� LQ� WKH� ELSKDVLF� RQH� �+�2�&+&O���� 7KH� LULGLXP



��
DQDORJ�RI� WKLV�FRPSOH[�� >,U&O�&2��73376��@�� VKRZV�FDWDO\WLF�DFWLYLW\� IRU� WKH�SRO\PHUL]DWLRQ
RI�SKHQ\ODFHW\OHQH�RQO\�DW� HOHYDWHG� WHPSHUDWXUH� WR�JLYH� WUDQV�SRO\PHUV��7KH�SRO\PHUL]DWLRQ
UDWH� LQFUHDVHV� VLJQLILFDQWO\�ZKHQ� WULPHWK\ODPLQH�1�R[LGH� �0H�12�� LV� DGGHG� WR� WKH� UHDFWLRQ
PHGLXP�� 7KH� IXQFWLRQ� RI� WKLV� UHDJHQW� LV� XQFOHDU� EXW� LW� LV� FRQVLGHUHG� WR� EH� D� ZHDNO\
FRRUGLQDWLQJ�OLJDQG�DQG�FRXOG�DFW�DV�D�VWDELOL]LQJ�DJHQW�LQ�WKH�UHDFWLRQ�

7KH� IHZ� DIRUHPHQWLRQHG� H[DPSOHV� RI� DON\QH� SRO\PHUL]DWLRQ� LQ� DTXHRXV� V\VWHPV� DUH
UHVWULFWHG� WR� SKHQ\ODFHW\OHQH� DQG� LWV� S�PHWK\O� GHULYDWLYH�� ,W� KDV� HYHQ� EHHQ� UHSRUWHG� WKDW
SRO\PHUL]DWLRQV�RI�DOLSKDWLF�DFHW\OHQHV�VXFK�DV�+&{&5��5� �&�+�����&+���2+���&+���&2�+�
DQG�+2�&&{&&2�+�IDLOHG�ZLWK� WKH�ZDWHU�VROXEOH�SUHFXUVRU����>���@ +RZHYHU��<DVKLPD�DQG
FRZRUNHUV�KDYH�UHFHQWO\�UHSRUWHG�VXFFHVVIXO�SRO\PHUL]DWLRQ�RI�WKH�DFLG�IXQFWLRQDOL]HG�DON\QHV
���FDUER[\SKHQ\O�DFHW\OHQH>���@ DQG� SURS\QRLF� DFLG>���@ LQ� ZDWHU�� 3RO\���
FDUER[\SKHQ\O�DFHW\OHQH�KDG�SUHYLRXVO\�EHHQ�SUHSDUHG�YLD�D�WKUHH�VWHS�SURFHGXUH��SURWHFWLRQ
RI�WKH�DFLG�DV�WKH�HWK\O�HVWHU��SRO\PHUL]DWLRQ�LQ�7+)�ZLWK�>5K�QEG�&O@� ������DQG�VXEVHTXHQW
SRO\PHU�DQDORJRXV�K\GURO\VLV�RI�WKH�HVWHU�PRLWLHV�>���@ %\�FRQWUDVW��DTXHRXV�SRO\PHUL]DWLRQ�LQ
WKH� SUHVHQFH� RI� D� EDVH� DGYDQWDJHRXVO\� DOORZV� IRU� WKH� GLUHFW� V\QWKHVLV� RI� SRO\���
FDUER[\SKHQ\O�DFHW\OHQH�>���@ 'HSURWRQDWLRQ� LV� QHFHVVDU\� DV� DFLGV� FDQ� EH� GHWULPHQWDO� IRU
SRO\PHUL]DWLRQ� ±� DFHWLF� DFLG� LV� XVHG� DV� D� WHUPLQDWLRQ� UHDJHQW� WR� FOHDYH� WKH�PHWDO� IURP� WKH
SRO\PHU�>���@ 7KLV� SRO\PHUL]DWLRQ� ZDV� FDUULHG� RXW� ZLWK� YDULRXV� GLIIHUHQW� FRPSOH[HV
�>5K�FRG��@%)� ����>5K�QEG��@&O2� �� DQG�>5K�WRV��FRG��+�2�@������ZKLFK�DUH�UHSRUWHG�WR�EH
ZDWHU�VROXEOH��3RO\PHUV�ZLWK�PROHFXODU�ZHLJKW�EHWZHHQ����î��� DQG����î��� J�PRO�� �0Z�0Q
!����ZLWK�D�FLV�WUDQVRLGDO KLJKO\�VWHUHRUHJXODU�VWUXFWXUH�ZHUH�REWDLQHG�ZLWK�JRRG�\LHOGV�

3RO\PHUL]DWLRQ�RI�SURS\QRLF�DFLG�ZDV� LQYHVWLJDWHG�ZLWK� WKH� VDPH�FDWDO\VW� SUHFXUVRUV
������ DQG�����DOVR�LQ�SUHVHQFH�RI�D�EDVH�WR�GHSURWRQDWH�WKH�PRQRPHU�>���@ %\�FRPSDULVRQ�WR
SRO\PHUL]DWLRQ�RI����FDUER[\SKHQ\O�DFHW\OHQH�����72�K�����WKH�UHDFWLRQ�LV�VORZHU����72�K����



��
7KH� SRO\PHU� PLFURVWUXFWXUH� LV� KLJKO\� FLV�WUDQVRLGDO �EXW� LVRPHUL]DWLRQ� IURP� FLV WR� WUDQV
FRQILJXUDWLRQ�LV�REVHUYHG�XSRQ�FRQYHUWLQJ�WKH�VRGLXP�FDUER[\ODWH�IRUP�RI�WKH�SRO\PHU�WR�WKH
FDUER[\OLF�DFLG��
��� 6XPPDU\

,QYHVWLJDWLRQV� LQ� WKH�����V� FOHDUO\�GHPRQVWUDWHG� WKH�SULQFLSDO� SRVVLELOLW\� RI� FDWDO\WLF
ROHILQ� SRO\PHUL]DWLRQ� LQ� DTXHRXV� V\VWHPV�� $OEHLW� YDULRXV� W\SHV� RI� PRQRPHUV� ZHUH
SRO\PHUL]HG�YLD�GLIIHUHQW�SRO\PHUL]DWLRQ�W\SHV�� LQ�PRVW�FDVHV�UDWKHU�VSHFLDO�PRQRPHUV�ZHUH
HPSOR\HG�RU�SURGXFWV�RI� ORZ�PROHFXODU�ZHLJKW�ZHUH�REWDLQHG��7KH�XWLOL]DWLRQ�RI� LOO�GHILQHG
FDWDO\VW�SUHFXUVRUV�RIWHQ�UHVXOWHG� LQ� ORZ�FDWDO\VW�HIILFLHQFLHV��DOVR� WKH�SRVVLELOLW\�RI�SRO\PHU
ODWH[� IRUPDWLRQ�ZDV� JLYHQ� OLWWOH� DWWHQWLRQ�� 6LQFH� WKHQ�� FRQVLGHUDEOH� DGYDQFHV�ZHUH� DFKLHYHG
RQO\� GXULQJ� WKH� SDVW� GHFDGH�� 7KH� VFRSH� RI� SRO\PHUV� SUHSDUHG� LQ� DTXHRXV� FDWDO\WLF
SRO\PHUL]DWLRQV�KDV�JURZQ�VXEVWDQWLDOO\��FDWDO\VW�DFWLYLWLHV�KDYH�EHHQ�LQFUHDVHG�E\�WZR�RUGHUV
RI�PDJQLWXGH�DOUHDG\��DQG�WKH�SUHSDUDWLRQ�RI�VWDEOH�DTXHRXV�SRO\PHU�ODWLFHV�KDV�EHHQ�VWXGLHG�

2OHILQ�&2� FRSRO\PHUL]DWLRQ LQ� DTXHRXV� V\VWHPV FDQ� DIIRUG� KLJK�PROHFXODU�ZHLJKW
DOLSKDWLF� DOWHUQDWLQJ� SRO\NHWRQHV� DW� UDWHV� VLPLODU� WR� WKH� FRPPHUFLDO� SURFHVV� SHUIRUPHG� LQ
PHWKDQRO�DV�D�QRQ�DTXHRXV�PHGLXP��XS�WR��u��� 72�K�����6WDEOH�ODWLFHV�FDQ�EH�SUHSDUHG��%\
SURSHU�FKRLFH�RI�WKH�ROHILQ�FRPSRQHQW�V���WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH�FDQ�EH�DGMXVWHG�WR
YDOXHV�GHVLUDEOH�IRU�ILOP�IRUPDWLRQ�XQGHU�DPELHQW�FRQGLWLRQV��7KH�DFFHVVLELOLW\�RI�ODWLFHV�PD\
HQDEOH� QHZ� DSSOLFDWLRQV�� ZKLFK� DOVR� GR� QRW� UHTXLUH� SURFHVVLQJ� RI� WKH� SRO\NHWRQHV� DW
GLVDGYDQWDJHRXVO\� KLJK� WHPSHUDWXUHV�� (WK\OHQH� SRO\PHUL]DWLRQ LQ� DTXHRXV� V\VWHPV FDQ� EH
FDUULHG�RXW�ZLWK�D�YDULHW\�RI�GLIIHUHQW� FDWDO\VWV�� DIIRUGLQJ�KLJK�PROHFXODU�ZHLJKW� FRPSOHWHO\
DPRUSKRXV� RU� VHPLFU\VWDOOLQH� SRO\PHU�� 3DUWLFXODUO\�� VWDEOH� ODWLFHV� RI� ODUJHO\� OLQHDU
SRO\HWK\OHQHV�KDYH�EHHQ�SUHSDUHG��&RSRO\PHUL]DWLRQ�ZLWK�YDULRXV�ROHILQLF�PRQRPHUV�HQDEOHV



��
D�FRQWURO�RI�SRO\PHU�FU\VWDOOLQLW\��+LJK�FDWDO\VW�DFWLYLWLHV�KDYH�DOUHDG\�EHHQ�DFKLHYHG� LQ� WKH
V\QWKHVLV� RI� ODWLFHV� RI� ORZ�PROHFXODU�ZHLJKW� PDWHULDO� �XS� WR� �u��� 72� K����� 6XFK
SRO\PHUL]DWLRQV� FDQ� EH� RI� LQWHUHVW� DV� D� FRQYHQLHQW� GLUHFW� URXWH� WR� ZD[�GLVSHUVLRQV�� 7KH
DFFHVVLELOLW\�RI�ODWLFHV�RI�KLJK�PROHFXODU�ZHLJKW�SRO\HWK\OHQH�KDV�DOVR�EHHQ�GHPRQVWUDWHG��0Z
�u��� J PRO����0Z�0Q �� WR� ���� ,Q� ROHILQ� SRO\PHUL]DWLRQ� DV�ZHOO� DV� &2� FRSRO\PHUL]DWLRQ�� D
OLPLWHG�FRQYHUVLRQ�RI�OLTXLG���ROHILQ��FR�PRQRPHUV�PXVW�\HW�EH�RYHUFRPH�LQ�PDQ\�FDVHV��$V
DQ�H[DPSOH�RI�SURSHUWLHV�LQWHUHVWLQJ�IRU�SRWHQWLDO�DSSOLFDWLRQV��SRO\ROHILQV�FRQWDLQ�D�QHJOLJLEOH
SRUWLRQ� RI� GRXEOH� ERQGV� E\� FRPSDULVRQ� WR� VW\UHQH�EXWDGLHQH� FRSRO\PHUV�� D� K\GURFDUERQ�
SRO\PHU�FXUUHQWO\�SUHSDUHG�E\�IUHH�UDGLFDO�HPXOVLRQ�SRO\PHUL]DWLRQ�RQ�D�ODUJH�VFDOH��7KLV�FDQ
UHVXOW� LQ� D� FRQVLGHUDEO\� KLJKHU� VWDELOLW\� RI� SRO\PHU� ILOPV� IRUPHG� IURP� SRO\ROHILQ� ODWLFHV
WRZDUGV� 89�OLJKW� DQG� DLU��5203 LQ� DTXHRXV� V\VWHPV KDV� EHHQ� LQYHVWLJDWHG� LQWHQVLYHO\�� $
EURDG� VFRSH� RI� PRQRPHUV�� LQFOXGLQJ� PDQ\� ZDWHU�VROXEOH� QRUERUQHQH� GHULYDWLYHV� FDQ� EH
SRO\PHUL]HG� WR� KLJK�PROHFXODU�ZHLJKW� K\GURSKLOLF� RU� OLSKRSKLOLF� PDWHULDOV�� 8WLOL]DWLRQ� RI
ZHOO�GHILQHG� PHWDO� FDUEHQHV� DV� FDWDO\VWV� UHVSHFWLYHO\� LQLWLDWRUV� HQDEOHV� PROHFXODU� ZHLJKW
FRQWURO� DQG� OLYLQJ� SRO\PHUL]DWLRQ�� DQG� ZDWHU�VROXEOH� UXWKHQLXP� FDUEHQHV� KDYH� UHFHQWO\
EHFRPH� DYDLODEOH��:KHUHDV� W\SLFDOO\� PRQRPHU�PHWDO� UDWLRV� RI� ������ KDYH� EHHQ� DSSOLHG� LQ
UHDFWLRQV�RI�SRODU�VXEVWLWXWHG�QRUERUQHQHV��DFWLYLWLHV�RI�XS�WR���� 72�K�� KDYH�EHHQ�REVHUYHG
WR� GDWH� LQ� WKH� V\QWKHVLV� RI� SRO\QRUERUQHQH� ODWLFHV�� $TXHRXV� 5203� UHSUHVHQWV� D� YHUVDWLOH
V\QWKHWLF�URXWH�WR�VSHFLDOW\�PDWHULDOV��H�J��UHVXOWLQJ�ZDWHU�VROXEOH�SRO\PHUV�KDYH�EHHQ�XVHG�IRU
ELRPHGLFDO LQYHVWLJDWLRQV��$TXHRXV�SRO\PHUL]DWLRQ�RI EXWDGLHQH�DQG QRUERUQHQHV��DV�ZHOO�DV
DON\QHV� KDV�DOVR�EHHQ�VWXGLHG��DQG�VWDEOH�ODWLFHV�FDQ�DOVR�EH�REWDLQHG�LQ�YDULRXV�FDVHV�



��
� &RQWUROOHG�IUHH�UDGLFDO�SRO\PHUL]DWLRQ�LQ�DTXHRXV�V\VWHPV�ZLWK�PHWDOFRPSOH[HV
����*HQHUDO�IHDWXUHV�RI�DWRP�WUDQVIHU�UDGLFDO�SRO\PHUL]DWLRQ��$753�

5DGLFDO� SRO\PHUL]DWLRQV� FDQ� EH� FRQWUROOHG� E\� DGGLWLRQ� RI� D� VXLWDEOH� PHWDO� FRPSOH[�
ZKLFK UHYHUVLEO\�WUDQVIRUPV�WKH�IUHH�UDGLFDOV�LQWR�D�GRUPDQW�VSHFLHV��6XFK�LV�WKH�FDVH�LQ�DWRP
WUDQVIHU� UDGLFDO� SRO\PHUL]DWLRQ� �$753��>�������@ &RQWUDU\� WR� WKH�SRO\PHUL]DWLRQV�GLVFXVVHG� LQ
WKH�SUHYLRXV�VHFWLRQ��SRO\PHUL]DWLRQ�GRHV�QRW�SURFHGH�YLD�DFWLYH�VSHFLHV�ZLWK�D�PHWDO�FDUERQ
ERQG��6FKHPH�������LQ�$753��WKH�PHWDO�FRPSOH[�SURPRWHV�DWRP�WUDQVIHU��DQG�DQ�DON\O�KDOLGH
LV� XVHG� DV� DQ� LQLWLDWRU�� $W� WKH� YHU\� EHJLQQLQJ� RI� WKH� SRO\PHUL]DWLRQ�� WKH� UHDFWLRQ� RI� WKH
KDORJHQDWHG�LQLWLDWRU�DQG�WKH�PHWDO�VSHFLHV�JHQHUDWHV�D�PHWDO�KDOLGH�FRPSOH[�DQG�UDGLFDOV� LQ
KLJK� FRQFHQWUDWLRQ�� \LHOGLQJ� SRO\PHUV� ZLWK� SRO\GLVSHUVLWLHV� DQG� PROHFXODU� ZHLJKWV
FKDUDFWHULVWLF� RI� DQ� XQFRQWUROOHG� SRO\PHUL]DWLRQ�� %HFDXVH� WKH� UDGLFDO� FRQFHQWUDWLRQ� LV� KLJK�
WHUPLQDWLRQ�YLD� UDGLFDO�UDGLFDO�FRXSOLQJ�RU�GLVSURSRUWLRQDWLRQ� DUH� IUHTXHQW� HYHQWV��+RZHYHU�
WKH�PHWDO� KDOLGH� FRPSOH[ LV� VSHFLILFDOO\�GHVLJQHG� WR� UHDFW�ZLWK� IUHH� UDGLFDOV� DQG� WR� DFW� DV� D
VSLQ�WUDS��.LQHWLFV�RI�WKH�PHWDO�SURPRWHG�UDGLFDO�WUDSSLQJ�UHDFWLRQ�DUH�NQRZQ�WR�EH�YHU\�IDVW�
H�J�� N�  ���î��� /� PRO�� V�� DW� ����&� IRU� VW\UHQH� SRO\PHUL]DWLRQ� FDWDO\]HG� E\
>&X%U��G1ES\�@�>���@

6RRQ��GXH� WR� UDGLFDO� WHUPLQDWLRQ��DQ�H[FHVV�RI PHWDO KDOLGH� LV�SUHVHQW�DQG� UDGLFDOV�DUH
PRUH� OLNHO\� WR� UHDFW� EDFN� WR� WKH� GRUPDQW� IRUP� WKDQ� WR� WHUPLQDWH� �SHUVLVWHQW� UDGLFDO
HIIHFW��>�������@ 8QGHU� WKHVH� FRQGLWLRQV�� D� PHWDO�FDWDO\]HG� HTXLOLEULXP� EHWZHHQ� GRUPDQW� DQG
DFWLYH�FKDLQV�HVWDEOLVKHV�DQG�WKH�UHDFWLRQ�LV�FRQWUROOHG ��WKH�QXPEHU�DYHUDJH�PROHFXODU�ZHLJKW
JURZV� OLQHDUO\� ZLWK� FRQYHUVLRQ� DQG� WKH� SRO\GLVSHUVLW\� UHPDLQV� FORVH� WR� �� 7KH� WUDGHRII� LQ



��
UHWXUQ� IRU� DFKLHYLQJ� SRO\PHU� PROHFXODU� ZHLJKW� FRQWURO� LV� D� VORZ� SRO\PHUL]DWLRQ� UDWH�
FKDUDFWHULVWLF�IRU�$753�

.LQHWLFV� DUH� GHSHQGHQW� RQ� WKH� QDWXUH� RI� WKH� PHWDO� FRPSOH[�� EXW� DOVR� RQ� WKH� UHODWLYH
DPRXQW�RI LQLWLDWRU��8VXDOO\��WKH�RUJDQLF�KDOLGH�XVHG�DV�DQ�LQLWLDWRU�DQG�WKH�PHWDO�FRPSRXQG
DUH� HPSOR\HG� LQ� D� ����PRODU� UDWLR� DV� FRQWURO� RI� PROHFXODU� ZHLJKW� LV� RSWLPXP� XQGHU� WKHVH
FRQGLWLRQV�� EXW� KLJKHU� UDWLRV� FDQ� DOVR�EH� XVHG�>���@ 7KH�PHWDO� FRPSRXQG� LV� WKXV� HIIHFWLYH� LQ
µFDWDO\WLF�DPRXQWV¶��,W�VKRXOG�EH�QRWHG�WKDW�E\�FRQWUDVW�WR�IRU�LQVWDQFH�ROHILQ�SRO\PHUL]DWLRQ�
WKH� PHWDO� FRPSOH[HV� LQYROYHG� LQ� $753� DUH� QRW� GLUHFWO\� SDUW� RI� WKH� SRO\PHUL]DWLRQ� FKDLQ
JURZWK�F\FOH��1RQHWKHOHVV�� WKH\�DUH�XVXDOO\�GHVLJQDWHG�DV�FDWDO\VWV LQ� WKH� OLWHUDWXUH��DQG� WKLV
GHVLJQDWLRQ�LV�DGDSWHG�WKURXJKRXW�WKLV�VHFWLRQ�

$OWKRXJK�PDQ\�GLIIHUHQW�FDWDO\WLF�V\VWHPV��EDVHG�RQ�)H,,�>�������@ 1L,,�>������������@ 5H9�>���@
0R9�>���@ 0R,,,�>���@ 3G��>���@ &R,,�>���@ DQG�5K,>�������@ H[LVW�� WKH�PRVW� H[WHQVLYHO\� LQYHVWLJDWHG
V\VWHPV� DUH�&X, EDVHG>�������@ �� ILUVW� GHYHORSHG� E\�0DW\MDV]HZVNL>�������@ �� DQG�5X,, V\VWHPV�
GHYHORSHG�E\�6DZDPRWR�>�������@

7KH� $753�PHFKDQLVP� GRHV� QRW� LQYROYH� DQ\� PHWDO�FDUERQ� ERQG� SRWHQWLDOO\� VHQVLWLYH
WRZDUGV�ZDWHU��)UHH�UDGLFDOV��UHSUHVHQWLQJ�WKH�DFWXDO�DFWLYH�VSHFLHV��DUH�DOVR�ZHOO�NQRZQ�WR�EH
VWDEOH�LQ�ZDWHU��+RZHYHU��$753�LQ�DTXHRXV�PHGLD�RIWHQ�UHVXOWV�LQ�ORVV�RI�SRO\PHU�PROHFXODU
ZHLJKW� FRQWURO�� 7KLV� LV� GXH� WR� WKH� YHU\� KLJK� LQWULQVLF� UHDFWLYLW\� RI� PRVW� ZDWHU� VROXEOH
PRQRPHUV�� DQG� IRU� LRQLF� PRQRPHUV� WKH� IRUPDWLRQ� RI� KLJKO\� YLVFRXV� SRO\HOHFWURO\WHV�
5HJDUGLQJ�WKH�VWDELOLW\�RI�WKH�WUDQVLWLRQ�PHWDO�FRPSOH[HV�LQYROYHG��UHYHUVLEOH�GLVVRFLDWLRQ�LQWR
FDWLRQV� DQG� KDORJHQ� DQLRQV� FDQ� RFFXU� LQ� ZDWHU�� EXW� WKLV� GRHV� QRW� DIIHFW� WKH� FRQWURO� RI
SRO\PHUL]DWLRQ��+\GURO\VLV�RI�6FKLII�EDVH� OLJDQGV>���@ RU�GLVSODFHPHQW� IURP� WKH�PHWDO�FHQWHU
E\�ZDWHU�DV�D�OLJDQG>���@ FDQ�RFFXU�RFFDVLRQDOO\�



��
��� 3RO\PHUL]DWLRQ�RI�ZDWHU�VROXEOH�PRQRPHUV�E\�$753

&RQWURO� RI� WKH� SRO\PHUL]DWLRQ� RI�ZDWHU� VROXEOH�PRQRPHUV� E\�$753� LV� RI� SDUWLFXODU
LQWHUHVW�� DV� IUHH�UDGLFDO� SRO\PHUL]DWLRQ� WRGD\� LV� WKH� RQO\� YLDEOH� URXWH� IRU� WKH� V\QWKHVLV� RI
LQGXVWULDOO\�UHOHYDQW�ZDWHU�VROXEOH�SRO\PHUV�

1XPHURXV� ZDWHU� VROXEOH�PRQRPHUV� KDYH� EHHQ� SRO\PHUL]HG� YLD� $753� �)LJXUH� �����
3RO\PHUL]DWLRQ�RI�DFU\OLF�DQG�PHWKDFU\OLF�PRQRPHUV�FDQ�EH�SUREOHPDWLF�DV� WKHVH�PRQRPHUV
RIWHQ� FRQWDLQ WUDFH� LPSXULWLHV� RI� DFU\OLF� RU�PHWKDFU\OLF� DFLG� �0$$��� 7KH� SUHVHQFH� RI� WKHVH
FDUER[\OLF�FRQWDLQLQJ�PRQRPHUV�FDQ�EH�GHWULPHQWDO�� IRU�H[DPSOH��0DW\MDV]HZVNL�HW�DO KDYH
REVHUYHG WKDW� �QRQ�DTXHRXV�� SRO\PHUL]DWLRQ� RI� DFU\OLF� DFLG� FDQQRW� EH� FRQWUROOHG� ZLWK
>�ES\��&X&O@ �ES\�  � ���¶�ELS\ULGLQH��� DV� WKH� PRQRPHU� �DQG� WKH� SRO\PHU�� LV� OLNHO\� WR
FRRUGLQDWH� WR� WKH� PHWDO� FHQWHU�� WR� IRUP� D� VSHFLHV� WKDW� LV� XQDEOH� WR� FRQWURO� WKH
SRO\PHUL]DWLRQ�>���@

7KH�YHU\�ILUVW�H[DPSOH�RI�DTXHRXV�FRQWUROOHG�UDGLFDO�SRO\PHUL]DWLRQ�KDV�EHHQ�UHSRUWHG
E\�0DW\MDV]HZVNL�HW�DO ZLWK�WKH�SRO\PHUL]DWLRQ�RI��� �+($���FDWDO\]HG�E\�&X%U�ES\ LQ�ZDWHU
DW� ���&�>���@ &RQWUDU\� WR� SRO\PHUL]DWLRQV� FDUULHG� RXW� LQ� RUJDQLF� VROYHQWV� ZLWK� WKLV� FDWDO\VW
V\VWHP�� WKH� FDWDO\VW� LV� KRPRJHQHRXVO\� GLVVROYHG� LQ� WKH� ������ PL[WXUH� RI� ZDWHU� DQG� +($�
PRQRPHU� +LJK�FRQYHUVLRQV�������DUH�DFKLHYHG�DIWHU����KRXUV��DQG�WKH�UHVXOWLQJ�SRO\PHU�KDV
0Q  �����î��� J�PRO�� DQG�D�0Z�0Q  ������

$UPHV� HW� DO�� KDYH� LQWHQVLYHO\� VWXGLHG� DTXHRXV� $753� RI� D� YDULHW\� RI� GLIIHUHQW
PRQRPHUV��8VLQJ�&X%U�ES\�DV�D�FDWDO\VW��PHWKDFU\OLF�DFLG�SRO\PHUL]DWLRQ�KDV�EHHQ�VKRZQ�WR
EH�SRVVLEOH� LQ�DTXHRXV�PHGLD�DW�S+�YDOXHV�EHWZHHQ���DQG���>���@ 7KH�SRO\PHUL]DWLRQ�RFFXUV
YHU\� VORZO\� ������FRQYHUVLRQ� DIWHU� ���K� DW� ���&�� >PRQRPHU@�>LQLWLDWRU@�>FDWDO\VW@� � �������
\LHOGLQJ�SRO\PHUV�ZLWK�ORZ�PROHFXODU�ZHLJKW��0Q  ����î��� J�PRO����DQG�D�SRO\GLVSHUVLW\ RI



��
0Z�0Q  ����� 7KLV�LV�SUREDEO\�GXH�WR�D�ORVV�RI�FDWDO\WLF�VSHFLHV�RFFXULQJ�IURP�WKH�FRPSHWLWLYH
FRRUGLQDWLRQ�RI� FDUER[\OLF� DFLGV� WR� WKH� FRSSHU� FHQWHUV�� DV�PHQWLRQHG� IRU� WKH� FDVH� RI� DFU\OLF
DFLG��7KH� FKRLFH�RI S+� LV� LPSRUWDQW�� DW� S+��� ��� SURWRQDWLRQ� RI� WKH� ELS\ULG\O� OLJDQG� RFFXUV�
UHVXOWLQJ�LQ�ORVV�RI�FRQWURO� 7KH�FKRLFH�RI�LQLWLDWRU�LV�HTXDOO\�LPSRUWDQW��WKH�SRO\PHUL]DWLRQ�LV
RQO\�FRQWUROOHG�ZKHQ�WKH�PHWKR[\�FDSSHG�PDFURLQLWLDWRU��� LV�XVHG�

&RQWUDU\�WR�PHWKDFU\OLF�DFLG��ZKLFK�LV�RQO\�SRO\PHUL]HG�VORZO\�DW����&���� �2(*0$�
XQGHUJRHV� TXDQWLWDWLYH� $753� LQ� ��� PLQXWHV� DW� URRP� WHPSHUDWXUH�� XVLQJ� WKH� V\VWHP
&X&O�ES\�>�������@ 9HU\� KLJK� $753� UDWHV� VHHPV� WR� EH� D� JHQHUDO� REVHUYDWLRQ� IRU� D� UDQJH� RI
ZDWHU�VROXEOH�PRQRPHUV��LQGHHG��TXDQWLWDWLYH�DQG�FRQWUROOHG�SRO\PHUL]DWLRQV�DUH�REVHUYHG�IRU
�� �1D9%$�>���@ �S+� �������� �03&�>���@ �S+� ������� �0(0$�>���@ �S+� ������� �&%0$�
�S+�  � �� >���@�� �� �6(0�>���@�� ��� �$(0$�>���@�� DQG� �� �0$'$0(��>�������@ ,Q� DOO� FDVHV�
&X%U�ES\�RU�&X&O�ES\�ZDV�XVHG�DV�D�FDWDO\VW��LQ�FRPELQDWLRQ�ZLWK�D���NHWREURPR�FRPSRXQG�
7KH�PRWLYDWLRQV� XQGHUO\LQJ� WKH� FKRLFH� RI� &X%U� YHUVXV� &X&O� DUH� QRW� SUHVHQWHG�� D� VWXG\� E\
0DW\MDV]HZVNL>���@ HW�DO���VXSSRUWHG�E\�D�UHFHQW�VWXG\�E\�RWKHUV>���@��LQGLFDWHV�WKDW��DV�&X&O�KDV
D� ORZHU� R[LGDWLRQ� SRWHQWLDO� WKDQ� &X%U�� WKH� UDWH� RI� DFWLYDWLRQ� N� LV� KLJKHU�Á &RQVHTXHQWO\�
SRO\PHUL]DWLRQ�UDWHV�DUH�H[SHFWHG�WR�EH�IDVWHU�ZLWK�&X&O�ES\�V\VWHPV��,QGHHG��IRU�PHWKDFU\OLF
PRQRPHUV��WKH�&X&O�ES\�V\VWHP�ZDV�XVHG�SUHIHUHQWLDOO\�E\�$UPHV��ZLWK�WKH�H[FHSWLRQ�RI���
�03&�>���@ DQG� �� �+(0$�>���@��� 0RQRPHU� �� �03&�� VSRQWDQHRXVO\� SRO\PHUL]HV� DW� URRP
WHPSHUDWXUH� LQ�DTXHRXV�VROXWLRQ�DQG� WKH�FKRLFH�RI� WKH� VORZHVW�FDWDO\VW� LV� WKHUHIRUH� MXVWLILHG�
3RO\��� >���@ QRW� EHLQJ� VROXEOH� LQ�ZDWHU�� WKH� SRO\PHUL]DWLRQ� LV� UXQ� LQ� D� ������0H2+�ZDWHU�
&RQVHTXHQWO\��UDWHV�DUH�ORZHU�WKDQ�LQ�ZDWHU������FRQYHUVLRQ�UHTXLUHV�����KRXUV�UHDFWLRQ�WLPH
DW� URRP� WHPSHUDWXUH�� $� FRPSDULVRQ� RI� SRO\PHUL]DWLRQ� UDWHV� LQ� DTXHRXV� DQG� QRQ�DTXHRXV



��
PHGLD� UHYHDOV� VWURQJ� VROYHQW� HIIHFWV�� 3RODU� VROYHQWV� KDYH� EHHQ� IRXQG� WR� LQFUHDVH� WKH
SRO\PHUL]DWLRQ�UDWH��SRVVLEO\�EHFDXVH�RI� WKH�FRPELQHG�HIIHFW�RI�DQ� LQFUHDVH�RI� UDWH�FRQVWDQW
N�>���@ DQG�D�FRPSHWLWLYH�FRRUGLQDWLRQ�RI�WKH�VROYHQW�DQG�WKH�OLJDQG�LQ�WKH�FRSSHU�VSHFLHV�>���@

&X;�ES\��;� �&O��%U��LV�QRW�WKH�RQO\�FDWDO\VW�HIILFLHQW�LQ�DTXHRXV�$753��3HOWRQ�HW�DO
KDYH� H[WHQVLYHO\� VWXGLHG� WKH� SRO\PHUL]DWLRQ� RI��� �0$'$0(�� LQ� RUJDQLF� VROYHQWV>���@ DQG
DTXHRXV� PHGLD>���@ DW� URRP� WHPSHUDWXUH�� DQG� IRXQG� WKDW� &X%U�+07(7$� �+07(7$�  
���������������KH[DPHWK\OWULHWK\OHQHWHWUDDPLQH��LV�OHVV�HIIHFWLYH�LQ�LQVXULQJ�PROHFXODU�ZHLJKW
FRQWURO� WKDQ� &X%U�ES\� XQGHU� VLPLODU� FRQGLWLRQV�� 8VLQJ� PHWK\O� EURPRSKHQ\ODFHWDWH� DV� DQ
LQLWLDWRU�� WKH� FRQYHUVLRQ� LQ� DTXHRXV� SRO\PHUL]DWLRQ� LV� VLPLODU� ZLWK� ERWK� FDWDO\VW� V\VWHPV
&X;�ES\�DQG�E\�&X%U�+07(7$������FRQYHUVLRQ�DW�URRP�WHPSHUDWXUH���DIIRUGLQJ�KRZHYHU
PRQRGLVSHUVH� SRO\PHUV� IRU� WKH� IRUPHU� �0Q  � ����u��� J� PRO���� FRUUHVSRQGLQJ� WR� WKH
WKHRUHWLFDOO\� FDOFXODWHG� 0QWK�� 0Z�0Q  � ����� DQG� SRO\PHUV� ZLWK� EURDGHU� PROHFXODU� ZHLJKW
GLVWULEXWLRQ� IRU� WKH� ODWWHU� �0Q  � ����u��� J� PRO����0Z�0Q  � ����� ([FHOOHQW� FRQWURO� LQ� WKH
DTXHRXV�SRO\PHUL]DWLRQ�RI��� �2(*0$��FDQ�EH�DFKLHYHG�ZLWK�D�FRSSHU�EDVHG�FDWDO\VW�ZLWK
OLJDQG� ���>���@ 8QH[SHFWHGO\�� WKH� 6FKLII� EDVH� OLJDQG� LV� QRW� K\GURO\]HG� GXULQJ� WKH
SRO\PHUL]DWLRQ�UHDFWLRQ��DQG�DW�URRP�WHPSHUDWXUH��D�SRO\PHU�RI�0Q  ����u��� J�PRO�� �0Z�0Q
 �������LV�REWDLQHG�LQ�����\LHOG�LQ�RQO\���KRXUV�RI�UHDFWLRQ�WLPH�

'HVSLWH� WKH� ODUJH� QXPEHUV� RI ZDWHU� VROXEOH� PRQRPHUV� WKDW� FDQ� EH� SRO\PHUL]HG� E\
$753��VHYHUDO�SUREOHPV�UHPDLQ�WR�EH�VROYHG��)RU�H[DPSOH��%ULWWDLQ�HW�DO>���@ KDYH�VKRZQ�WKDW
WKH� DTXHRXV� SRO\PHUL]DWLRQ� RI� �� �'0$��� FDWDO\]HG� E\� &X%U�/� �/�  � +07(7$�� WULV>��
�GLPHWK\ODPLQR�HWK\O@DPLQH� �0H��75(1�� DQG� ���������WHWUDPHWK\O����������

Á� N���ZKLFK�WRJHWKHU�ZLWK�N� GHWHUPLQHV�WKH�UDGLFDO�FRQFHQWUDWLRQ��LV�XVXDOO\�FORVH�WR�GLIIXVLRQOLPLWHG�



��
WHWUDD]DF\FORWHWUDGHFDQH��0H�&\FODP����LV�QRW�FRQWUROOHG��EHFDXVH�RI�WKH�VORZ�EXW�LUUHYHUVLEOH
GHFRPSRVLWLRQ� RI� WKH� EURPR� WHUPLQDWHG� HQG�JURXS� RI� WKH� GRUPDQW� FKDLQV�� $TXHRXV
SRO\PHUL]DWLRQ�RI�DFU\OLF>���@ DQG�VW\UHQLF�PRQRPHUV>���@ DOVR�DSSHDUV�WR�EH�GLIILFXOW�WR�FRQWURO�
DV�LPSOLHG�E\�WKH�UDULW\�RI�NQRZQ�H[DPSOHV�

([FHSW� LQ� WKH� FDVH� RI� SRO\PHUL]DWLRQ� RI� �� �+(0$��� ZDWHU�VROXEOH� SRO\PHUV� DUH
IRUPHG�LQ�DOO�WKH�SRO\PHUL]DWLRQV�UHJDUGHG��DQG�LQ�WKLV�VHQVH�WKH�UHDFWLRQV�FDQ�EH�GHVLJQDWHG
DV�VROXWLRQ�SRO\PHUL]DWLRQV�
����3RO\PHUL]DWLRQ�RI��ZDWHU�LQVROXEOH�PRQRPHUV�E\�$753

7KH ILUVW�H[DPSOH�RI�$753�RI�PHWK\O�PHWKDFU\ODWH��00$��LQ�DQ�DTXHRXV�V\VWHP�ZDV
UHSRUWHG� LQ� ����� E\� *UDQHO� HW� DO�>���@ 8VLQJ� >1L,,%U^N��1�&�1������&+�10H���&�+�`@� DV� D
FDWDO\VW�SUHFXUVRU� DQG���HWK\OEURPRLVREXW\UDWH� DV� DQ� LQLWLDWRU�� VXVSHQVLRQ�SRO\PHUL]DWLRQ�RI
00$�ZDV�FDUULHG�RXW�LQ�ZDWHU�DW����&��7KH�SRO\PHUL]DWLRQ�SURFHHGHG�WR�KLJK�FRQYHUVLRQ��EXW
WKH�SRO\PHU�PROHFXODU�ZHLJKW�ZDV�WZLFH�DV�KLJK�DV�WKH�SUHGLFWHG�YDOXH��0Q  ��u��� J�PRO���
0Z�0Q  �������,W�LV�SRVVLEOH�WR�LQIHU�WKDW�WKH�SRO\PHUL]DWLRQ�ZDV�VRPHZKDW�FRQWUROOHG��EXW�WKDW
YHU\� SRRU� LQLWLDWLRQ� RFFXUUHG�� SRVVLEO\� GXH� WR� LQLWLDWRU� K\GURO\VLV�� /HFRPWH HW� DO�>���@ KDYH
VKRZQ�WKDW�00$�SRO\PHUL]DWLRQ�FDQ�EH�FDUULHG�RXW�FRQYHQLHQWO\�LQ�DTXHRXV�VXVSHQVLRQ�DOVR
ZLWK� 3G�2$F���33K� DQG� &&O� DV� DQ� LQLWLDWRU�� ,Q� WKH� DEVHQFH� RI� VXUIDFWDQWV�� ELPRGDO
GLVWULEXWLRQV�KDYH�EHHQ�REWDLQHG�GXH�WR�GLIIXVLRQ�OLPLWDWLRQV�DW�KLJK�FRQYHUVLRQ� 7KLV�SUREOHP
KDV�EHHQ�VROYHG�E\�DGGLQJ�D�QRQLRQLF�VXUIDFWDQW��7ZHHQ�����WKDW�IDFLOLWDWHV�WKH�GLVSHUVLRQ�RI
WKH� SRO\PHU� SDUWLFOHV�� UHVXOWLQJ� LQ� D� UHODWLYHO\� QDUURZ�PROHFXODU� ZHLJKW� GLVWULEXWLRQ� �0Q  
����u��� J�PRO����0Z�0Q  �������DW�KLJK�FRQYHUVLRQ�

6DZDPRWR� KDV� GHVFULEHG� WKH� FRQWUROOHG� UDGLFDO� SRO\PHUL]DWLRQ� RI� 00$� XVLQJ
>5X&O��33K���@�DV�D�FDWDO\VW�>���@ ,Q�RUJDQLF� VROYHQWV� WKLV� UXWKHQLXP�FDWDO\VW>���@ QHFHVVLWDWHV



��
WKH� XVH� RI� DQ� DOXPLQXP�FRQWDLQLQJ� FRFDWDO\VW�� XVXDOO\� $O�2L3U���� WKXV� DIIRUGLQJ� D� YHU\
HIILFLHQW�FRQWURO�RI�WKH�SRO\PHUL]DWLRQ�RI�PHWKDFU\OLF�PRQRPHUV��$V�WKH�DOXPLQXP�FRPSRXQG
FDQ� QRW� EH� XVHG� LQ� QHDW� ZDWHU�� SRO\PHUL]DWLRQV� ZHUH� LQLWLDOO\� FDUULHG� RXW� LQ� D� ELSKDVLF
WROXHQH�ZDWHU� ���� PL[WXUH�� 3RO\PHUL]DWLRQV� LQ� WKLV� DTXHRXV� V\VWHP� ZHUH� IRXQG� WR� EH
VRPHZKDW�IDVWHU�WKDQ�LQ�QHDW�WROXHQH� ,Q�YLHZ�RI�WKHVH�UHVXOWV��WKH�DXWKRUV�KDYH�GHPRQVWUDWHG
WKDW�DTXHRXV�SRO\PHUL]DWLRQV�GR�QRW�QHFHVVLWDWH�WKH�XVH�RI�DQ\�DOXPLQXP�FRFDWDO\VW��7KXV��LQ
WKH�DEVHQFH�RI�DQ�DOXPLQXP�VDOW�� VXVSHQVLRQ�SRO\PHUL]DWLRQ�RI�00$�LQ�ZDWHU�DW����&�ZDV
IRXQG�WR�EH�HIILFLHQW�DQG�FRQWUROOHG������FRQYHUVLRQ��0Q  ����u��� J�PRO����0Z�0Q  �������

$753� LQ� DTXHRXV� HPXOVLRQ� RU� VXVSHQVLRQ�ZLWK� FRSSHU�EDVHG� FDWDO\VWV� KDV� EHHQ� WKH
REMHFW� RI� H[WHQVLYH� UHVHDUFK� 0DNLQR� HW� DO>���@ KDYH� ILUVW� UHSRUWHG� 00$� HPXOVLRQ
SRO\PHUL]DWLRQ�XVLQJ�&X%U�ES\�DV�D�FDWDO\VW�DQG�6'6�DV�D�VXUIDFWDQW� 1R�OLYLQJ�FKDUDFWHULVWLFV
ZHUH�REVHUYHG��EXW� LW�KDV� ODWHU�EHHQ�VKRZQ�WKDW�6'6�LQWHUDFWV�ZLWK�WKH�FRSSHU�FRPSOH[HV�WR
IRUP�D�FKDUDFWHULVWLF�EOXH�FRSSHU�VXOIDWH�FRPSOH[�>���@ (DUO\�H[SHULPHQWV�E\�0DW\MDV]HZVNL�HW
DO>���@ KDYH�GHPRQVWUDWHG�WKDW�EXW\O�PHWKDFU\ODWH�FDQ�EH�SRO\PHUL]HG�LQ�HPXOVLRQ�XVLQJ�G1ES\
DQG�G$ES\�OLJDQGV�LQ�FRPELQDWLRQ�ZLWK�&X%U��7KH�SRO\PHUL]DWLRQ�ZDV�IRXQG�WR�EH�FRQWUROOHG�
DV� HYLGHQFHG� E\� OLQHDU� HYROXWLRQ� RI� PROHFXODU� ZHLJKWV� ZLWK� FRQYHUVLRQ�� DQG� E\� QDUURZ
PROHFXODU� ZHLJKW� GLVWULEXWLRQV�� )RU� H[DPSOH�� ��� �� FRQYHUVLRQ� ZHUH� DFKLHYHG� DIWHU� ��
PLQXWHV��\LHOGLQJ�D�SRO\PHU�RI�0Q  �����u��� J�PRO����0Z�0Q  �������0QWK  �����u��� J�PRO�
���

8WLOL]DWLRQ�RI�RWKHU�OLJDQGV��VXFK�DV�0H�75(1��DIIRUGHG�LOO�GHILQHG�SRO\PHUV��&DUHIXO
HOXFLGDWLRQ� RI� WKH� SRO\PHUL]DWLRQ�PHFKDQLVP� E\�0DW\MDV]HZVNL� HW� DO�>���@ UHYHDOHG� WKDW� WKH
SDUWLWLRQLQJ� RI�&X%U���G1ES\� DQG�&X%U��G1ES\� EHWZHHQ� WKH� DSRODU� RUJDQLF� SKDVH� DQG� WKH
DTXHRXV�SKDVH�LV�FUXFLDO��'HVSLWH�WKH�K\GURSKRELFLW\�RI�WKH�OLJDQG�G1ES\��WKH�FDWDO\VW��ERWK�LQ
LWV�&X, DQG�&X,, IRUP�� LV�SDUWLDOO\�VROXEOH� LQ�ZDWHU�XQGHU� WKH�SRO\PHUL]DWLRQ�FRQGLWLRQV�� ,Q�D



��
PL[WXUH�RI�ZDWHU�EXW\O�PHWKDFU\ODWH��XS�WR�����RI�&X,,�G1ES\�LV�SUHVHQW�LQ�WKH�DTXHRXV�SKDVH
±�WKH�&X,�G1ES\�VSHFLHV�EHLQJ�PXFK�OHVV�ZDWHU�VROXEOH��7KLV�LQGLFDWHV�WKDW�FDWDO\VW�GLIIXVLRQ
WKURXJK�WKH�DTXHRXV�SKDVH�LV�SRVVLEOH�

,W� PXVW� EH� QRWHG�� WKDW� HYHQ� ZLWK� DQ� H[WUHPO\� K\GURSKRELF� FDWDO\VW�� FDWDO\VW�IUHH
SDUWLFOHV� ZRXOG� EH� IRUPHG� E\� UDGLFDO� H[LW� DQG� QXFOHDWLRQ� RI� QHZ� SDUWLFOHV�� DQG� WKXV
XQFRQWUROOHG� SRO\PHUL]DWLRQ�ZRXOG� RFFXU�� 2Q� WKH� RWKHU� KDQG�� LW� LV� DOVR� SURSRVHG� WKDW� ZLWK
PRUH� K\GURSKLOLF� OLJDQGV� �VXFK� DV� 0H��75(1�� RU� SHQWDPHWK\O� GLHWK\OHQHWULDPLQH
�30'(7$�>���@��� DOO� WKH� FDWDO\VW� LV� ORFDWHG� LQ� WKH� DTXHRXV� SKDVH�� DQG� XQFRQWUROOHG
SRO\PHUL]DWLRQ�RFFXUV� LQ� WKH�K\GURSKRELF�SRO\PHU�SDUWLFOHV��+RZHYHU�� LW�PXVW�EH�QRWHG� WKDW
WKHVH�OLJDQGV�DUH�DOVR�LQHIIHFWLYH�LQ�FRQWUROOLQJ�WKH�DTXHRXV�SRO\PHUL]DWLRQ�RI�ZDWHU�VROXEOH
PRQRPHUV��VHH�DERYH���KLQWLQJ�WKDW�OLJDQG�GLVVRFLDWLRQ�PLJKW�DOVR�RFFXU�LQ�WKHVH�V\VWHPV�>���@

,Q� DGGLWLRQ� WR� D� SURSHU� FKRLFH� RI� OLJDQG� K\GURSKRELFLW\�� WKH� VXUIDFWDQW� XVHG� LV� DOVR
FULWLFDO� ,Q�JHQHUDO��QRQ�LRQLF�VXUIDFWDQWV�ZHUH�IRXQG�WR�EH�HIILFLHQW�IRU�FROORLGDO�VWDELOL]DWLRQ
RI�WKH�SRO\PHU�SDUWLFOHV�>���@ 7KLV�LV�WR�EH�H[SHFWHG��DV��GXH�WR�WKH�LRQLF�QDWXUH�RI�WKH�FDWDO\VW�
DQG�WKH�FRUUHVSRQGLQJ�LRQLF�VWUHQJWK��HOHFWURVWDWLF�VWDELOL]DWLRQ�LV�OLNHO\�WR�EH�SRRU��$GHTXDWH
K\GURSKLOLF�OLSRSKLOLF��+/%��EDODQFH>���@ LV�DOVR�D�QHFHVVDU\�FULWHULRQ�WR�LQVXUH�ODWH[�VWDELOLW\
LQ�$753�HPXOVLRQ�SRO\PHUL]DWLRQ�>���@ )RU�WKH�FRQWUROOHG�SRO\PHUL]DWLRQ�RI�00$��FDWDO\]HG
E\�&X%U�G1ES\��DQ�+/%�RI����ZDV�IRXQG�WR�EH�RSWLPDO��DQG�IRU�WKH�SRO\PHUL]DWLRQ�RI�%0$�
VWDELOL]DWLRQ� ZDV� RSWLPDO� ZLWK� VXUIDFWDQWV� %ULM��� �+/%�  � ������ DQG� 7ZHHQ��� �+/%�  
������>���@ 1HYHUWKHOHVV�� FROORLGDO� VWDELOLW\� RI� WKH� IRUPHG� ODWH[� LV� XVXDOO\� SRRU�� HYHQ� DW� ORZ
VROLG�FRQWHQWV�������DQG�LQ�WKH�SUHVHQFH�RI�ODUJH�DPRXQWV�RI�VXUIDFWDQW ������

6LPLODU� UHVXOWV�ZHUH� UHSRUWHG�E\�&KDPEDUG�HW�DO>���@ IRU�00$�SRO\PHUL]DWLRQ� XVLQJ
�� %ULM����+��&���2&+�&+����2+��7ZHHQ����3RO\R[\HWK\OHQH�VRUELWDQ��PRQRODXUDWH�



��
&X%U�G1ES\�� 7KH� SRO\PHUL]DWLRQ� LV� FRQWUROOHG�� DV� VKRZQ� E\� OLQHDU� HYROXWLRQ� RI�0Q YHUVXV
FRQYHUVLRQ��EXW�DW�����FRQYHUVLRQ��D�ORZ�PROHFXODU�ZHLJKW�WDLO�LQ�WKH�*3&�WUDFH�DSSHDUV�WKDW
UHVXOWV� IURP�µGHDG¶�SRO\PHU�� IRUPHG�E\� WHUPLQDWLRQ� UHDFWLRQV��0RVW�RI� WKHVH�SUREOHPV�ZHUH
DOOHYLDWHG� WKURXJK� WKH� XVH� RI� D� PLQLHPXOVLRQ� WHFKQLTXH� �VHH� VHFWLRQ� ������ DV� VKRZQ� LQ� WKH
$753�RI�EXW\O�PHWKDFU\ODWH�ZLWK�&X%U�G1ES\�>���@ 7KH�PLQLHPXOVLRQ�UHFLSH�XVHG�HPSOR\HG
KH[DGHFDQH� ����� LQ�YROXPH� UHODWLYH� WR�PRQRPHU��� DV�G1ES\� LV� QRW� K\GURSKRELF� HQRXJK� WR
SUHYHQW�2VWZDOG�ULSHQLQJ��VKHDULQJ�WKH�PL[WXUH�E\�PHDQV�RI�VRQLFDWLRQ� 6RQLFDWLRQ�JHQHUDWHV
GURSOHWV� ZLWK� VL]HV� RI� GRZQ� WR� ���� QP�� DOORZLQJ� IRU� WKH� SUHSDUDWLRQ� RI� VWDEOH� ODWLFHV� ,Q
DGGLWLRQ�� WKH� PROHFXODU� ZHLJKW� RI� WKH� SRO\PHU� LQFUHDVHV� OLQHDUO\� ZLWK� FRQYHUVLRQ�� EXW� WKH
LQLWLDWLRQ�HIILFLHQF\�LV�PRGHUDWH��7KH�IRXQG�PROHFXODU�ZHLJKW��0Q  ����u��� J�PRO����DW����
FRQYHUVLRQ�DFKLHYHG�DIWHU���K�DW�����&��LV�VRPHZKDW�KLJKHU�WKDQ�WKH�WKHRUHWLFDO�YDOXH �0QWK  
���u��� J�PRO�����7KH�DXWKRUV�KLQW�WKDW�HVFDSH�RI�&X,, VSHFLHV�IURP�WKH�PLQLHPXOVLRQ�GURSOHWV
RFFXU��UHVXOWLQJ�LQ�D�VOLJKWO\�LQFUHDVHG�WHUPLQDWLRQ�

&RSSHU�EDVHG�$753�LQ�HPXOVLRQ�KDV�EHHQ�DFKLHYHG�VXFFHVIXOO\�XQGHU�UHYHUVH�$753
FRQGLWLRQV��ZKHUH�RQH�VWDUWV�ZLWK�D�FRQYHQWLRQDO�IUHH�UDGLFDO� LQLWLDWRU�DQG &X%U��G1ES\�DV�D
FDWDO\VW�>���@ 7\SLFDO� FRPPHUFLDO� ZDWHU�VROXEOH� IUHH� UDGLFDO� LQLWLDWRUV� VXFK� DV� SRWDVVLXP
SHUR[RGLVXOIDWH� �LQ� D� SKRVSKDWH� EXIIHU�� S+�  � ���� ���¶�D]RELV���DPLGLQRSURSDQH�
GLK\GURFKORULGH� �FRPPRQO\� GHVLJQDWHG� DV� 9���� RU� ���¶�D]RELV>���LPLGD]RO���\O�SURSDQH@
GLK\GURFKORULGH��9����FDQ�EH�XVHG��7KH�UHDFWLRQ�UHTXLUHV�DQ�LQLWLDO�LQGXFWLRQ�SHULRG�RI�XS�WR
RQH� KRXU�� ZKLFK� FRUUHVSRQGV� WR� WKH� WLPH� UHTXLUHG� IRU� WKH� LQLWLDWRU� WR� GHFRPSRVH�� IRUPLQJ
GHDFWLYDWHG� UDGLFDOV� EHIRUH� UHDFKLQJ� WKH� DWRP� WUDQVIHU� HTXLOLEULXP� �6FKHPH� ������0ROHFXODU
ZHLJKWV�LQFUHDVH�OLQHDUO\�ZLWK�FRQYHUVLRQ��DQG�PROHFXODU�ZHLJKW�GLVWULEXWLRQV�DUH�DV�QDUURZ�DV
�����EXW�WKH�LQLWLDWLRQ�HIILFLHQFLHV�DUH�YHU\�ORZ��W\SLFDOO\�EHWZHHQ�����DQG�������UHVXOWLQJ�LQ�D
PLVPDWFK� EHWZHHQ� H[SHULPHQWDO� DQG� WKHRUHWLFDO� PROHFXODU� ZHLJKWV� 7KLV� LV� DWWULEXWHG� WR



��
LUUHYHUVLEOH�HDUO\�UDGLFDO�WHUPLQDWLRQ�LQ�WKH�DTXHRXV�SKDVH��ZKHUH�QRW�HQRXJK�&X,, VSLQ�WUDS�LV
SUHVHQW�

)LQDOO\�� LW� KDV� UHFHQWO\� EHHQ� UHSRUWHG� WKDW� DTXHRXV� $753� FDQ� EH� FDUULHG� RXW
FRQYHQLHQWO\� LQ� ZDWHU� LQ� WKH� SUHVHQFH� RI� F\FORGH[WULQV�>���@ &RPSOH[DWLRQ� E\� D� UDQGRPO\
PHWK\ODWHG���F\FORGH[WULQ�UHQGHUHG�WKH�FDWDO\VW�&X%U�G1ES\�IXOO\�ZDWHU�VROXEOH��DQG�DOORZHG
IRU� WKH� FRQWUROOHG� SRO\PHUL]DWLRQ� RI� 00$� DW� ���&� LQ� ZDWHU�� 'XH� WR� WKH� SUHVHQFH� RI� WKH
F\FORGH[WULQ�� WKH� PRQRPHU� WRR� LV� ZDWHU� VROXEOH�� EXW� WKH� 300$� SRO\PHU� IRUPHG� �0Q  
���u��� J�PRO����0Z�0Q  ������LV�LQVROXEOH��,Q�WKLV�UHVSHFW��WKLV�W\SH�RI�SRO\PHUL]DWLRQ�LV�DNLQ
WR�D�SUHFLSLWDWLRQ�SRO\PHUL]DWLRQ��&KDLQ�H[WHQVLRQ�RI�WKH�300$�EORFN�E\�VW\UHQH�LV�SRVVLEOH�
DOEHLW�WKH�EORFNLQJ�HIILFLHQF\�ZDV�OLPLWHG�
� 3RO\PHUL]DWLRQ�E\�6X]XNL�FRXSOLQJ�LQ�DTXHRXV�V\VWHPV

7UDQVLWLRQ� PHWDO� FDWDO\]HG� FRXSOLQJ� UHDFWLRQV� RI� DURPDWLF� KDOLGHV�� VXFK� DV� +HFN� RU
6X]XNL� FRXSOLQJ�� DUH� XVHG� H[WHQVLYHO\� IRU� WKH� V\QWKHVLV� RI� ORZ�PROHFXODU�ZHLJKW� RUJDQLF
FRPSRXQGV��:LWK�ELIXQFWLRQDO�VXEVWUDWHV��SRO\PHUV�FDQ�EH�REWDLQHG��%\�FRQWUDVW� WR�DOO�RWKHU
SRO\PHUL]DWLRQ�UHDFWLRQV�FRQVLGHUHG�LQ�WKLV�FKDSWHU��VXFK�UHDFWLRQV�UHSUHVHQW�VWHS�JURZWK�W\SH
SRO\PHUL]DWLRQV��&�&�FRXSOLQJ�RI�DURPDWLF�KDOLGHV�XVXDOO\�UHTXLUHV� WKH�DGGLWLRQ�RI�D�EDVH� LQ
VWRLFKRPHWULF�DPRXQWV��DQG�WKH�PRVW�FRPPRQ�%URQVWHGW�EDVHV�DUH�ZDWHU�VROXEOH�DQG�FDQ�EH
HPSOR\HG�FRQYHQLHQWO\�LQ�ELSKDVLF�DTXHRXV�RUJDQLF�V\VWHPV�

6X]XNL�FRXSOLQJ��WKH SDOODGLXP�FDWDO\]HG�FURVV�FRXSOLQJ�RI�DU\O�RU�YLQ\O�KDOLGHV�ZLWK
RUJDQRERURQDWHV� LV�HPSOR\HG�ZLGHO\�LQ�RUJDQLF�V\QWKHVLV��7KH�UHDFWLRQ�LV�PRVW�RIWHQ�FDUULHG
RXW� LQ�DQ�RUJDQLF�VROYHQW��EHQ]HQH�� LQ� WKH�SUHVHQFH�RI�D�EDVH�>���@ %HFDXVH�RI� WKH� UHDVRQDEOH
VWDELOLW\�RI�ERURQLF�DFLGV�DQG�HVWHUV� WRZDUGV�K\GURO\VLV��6X]XNL�FRXSOLQJ�FDQ�DOVR�EH�FDUULHG
RXW� LQ�DTXHRXV�PHGLD��$Q�H[WHQVLYH�VWXG\�RI� WKH� UHDFWLRQ�KDV� VKRZQ� WKDW� VLPLODU� UHVXOWV�DUH



��
REWDLQHG�LQ�DTXHRXV�DQG�QRQ�DTXHRXV�V\VWHPV�>���@

7KH� XVH� RI 6X]XNL� FRXSOLQJ� IRU� WKH� V\QWKHVLV� RI� SRO\SKHQ\OHQH� SRO\PHUV� ZDV
LQWURGXFHG�E\�5HKDKQ��6FKO�WHU DQG�:HJQHU >(T�������@�>���@ 3RO\�S�����GL�Q�KH[\OSKHQ\OHQH�
ZDV�SUHSDUHG�LQ�D�ELSKDVLF�PL[WXUH�RI�EHQ]HQH DQG�ZDWHU�DV�D�UHDFWLRQ�PHGLXP��XVLQJ�VRGLXP
FDUERQDWH�DV�D�ZDWHU�VROXEOH�EDVH��7KLV�$%�W\SH�SRO\PHUL]DWLRQ�DIIRUGHG�SRO\PHUV�FRQWDLQLQJ
H�J��DQ�DYHUDJH�RI�DERXW����SKHQ\OHQH�XQLWV�

7KLV� PHWKRG� LV� DSSOLFDEOH� WR� D� YDULHW\� RI� DON\O� VXEVWLWXWHG� SKHQ\OHQH� $%�W\SH
PRQRPHUV�>(T�������@�>���@7KH�SURFHGXUH�ZDV�DOVR�H[WHQGHG�WR�WKH�FRQGHQVDWLRQ�RI�$$�DQG�%%
PRQRPHUV� �6FKHPH� �����>���@ +HUHE\�� SRO\�S�SKHQ\OHQH� SRO\PHUV� FRQWDLQLQJ� HWKHU� DQG
FDUERQ\O� OLQNDJHV� LQ� WKH� SRO\PHU� EDFNERQH� DUH� DFFHVVLEOH� %\� SRO\PHUL]DWLRQ� RI� WKH� $%�
PRQRPHU�����GLEURPREHQ]HQH�ERURQLF�DFLG LQ�D�ELSKDVLF�DTXHRXV�RUJDQLF�PHGLXP��.LP�DQG
:HEVWHU REWDLQHG� K\SHUEUDQFKHG� SRO\SKHQ\OHQHV�>���@ 6X]XNL� SRO\FRQGHQVDWLRQ� LQ� DTXHRXV
V\VWHPV� KDV� SURYHQ� WR� EH� D� YHUVDWLOH�PHWKRG��ZKLFK� KDV� EHHQ� DSSOLHG� WR� WKH� V\QWKHVLV� RI� D
YDULHW\�RI�GLIIHUHQW�SRO\PHU�W\SHV�>���@

3RO\PHUL]DWLRQ� LQ�D�VLQJOH�SKDVH�KRPRJHQHRXV�VROXWLRQ� LQ�7+)�ZDWHU�PL[WXUHV� �����
ZDV�DOVR�UHSRUWHG�>���@ 6XFK�UHDFWLRQV�DOORZHG�IRU�WKH�SUHSDUDWLRQ�RI D�SRO\�S�SKHQ\OHQH��ZLWK
VXOIRQDWH� HVWHU� DQG� GRGHF\O� VLGH� JURXSV� >(T�� �����@� %\� FRPSDULVRQ� WR� WKH� DIRUHPHQWLRQHG
ELSKDVLF� SRO\PHUL]DWLRQV�� V\QWKHVLV� RI� SRO\PHUV�ZLWK� KLJKHU� GHJUHHV� RI� SRO\PHUL]DWLRQ�ZDV
UHSRUWHG�LQ�WKH�VROXWLRQ�SURFHGXUH�

3RO\PHUL]DWLRQ�YLD�6X]XNL�FRXSOLQJ� LQ�DTXHRXV� VROXWLRQ�ZDV� UHSRUWHG�E\�1RYDN�HW�DO�
IRU�WKH�ILUVW�WLPH�>(T�������@�>���@ $�ZDWHU�VROXEOH�FDWDO\VW�SUHFXUVRU��>3G�WSSPV��@��WSSPV� ���
3K�3&�+�62�1D��ZDV� HPSOR\HG�� 7KH� UHVXOWLQJ� SRO\PHU� LV�ZDWHU� VROXEOH�� DQG� KDV� D�ZHLJKW
DYHUDJH�PROHFXODU�ZHLJKW�RQ�WKH�RUGHU�RI��u��� J�PRO����,Q�ODWHU�UHSRUWV��1RYDN�HW�DO SRLQWHG
RXW� WKDW�� DOLNH� WUDGLWLRQDO� 6X]XNL� FRXSOLQJ� LQ� QRQ�DTXHRXV� RUJDQLF� VROYHQWV�� WKH� DTXHRXV



��
6X]XNL�FRXSOLQJ�UHDFWLRQ�LV�DFFRPSDQLHG�E\�VLGH�UHDFWLRQV�WKDW�VWURQJO\�DIIHFW�WKH�VWUXFWXUH�RI
WKH�UHVXOWLQJ�SRO\PHU�

)LUVW�� D� VWURQJ� LQKLELWLRQ� RI� WKH� R[LGDWLYH� DGGLWLRQ� RI� DU\O� KDOLGH� WR� 3G� E\� WKH
FRRUGLQDWLRQ� RI� WKH� SKRVSKLQH� KDV� EHHQ� UHSRUWHG� WR� EH� WKH� VRXUFH� RI� VORZ� NLQHWLFV�>���@
$FFRUGLQJO\��XVLQJ�SKRVSKLQH�IUHH�FDWDO\VW�SUHFXUVRUV�VXFK�DV�3G�2$F����>�K��&�+��3G&O@� RU
>3G��GED��@Â&�+� �GED�  � GLEHQ]\OLGHQH� DFHWRQH�� IRU� 6X]XNL�FRXSOLQJ� �WR� SUHSDUH� ORZ�
PROHFXODU�ZHLJKW�FRPSRXQGV���DFWLYLWLHV�DUH�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�E\�FRPSDULVRQ�WR
SRO\PHUL]DWLRQ�ZLWK�>3G�DU\O�,�33K���@�>���@�+RZHYHU��WKHLU�XVH�LQ�SRO\PHUL]DWLRQ�KDV�QRW�EHHQ
UHSRUWHG�WR�GDWH��SHUKDSV�GXH�WR�D�ORZ�VWDELOLW\�RI�WKH�DFWLYH�VSHFLHV��SURQH�WR�GHFRPSRVLWLRQ�WR
3G�EODFN� $QRWKHU�VLGH�UHDFWLRQ��WKDW�KDV�EHHQ�VWXGLHG�ZLWK�QRQ�VXOIRQDWHG�WULDU\OSKRVSKLQHV�
LV�WKH�DU\O�DU\O�LQWHUFKDQJH�UHDFWLRQ�LQ�>3G�DU\O�,/�@�FRPSOH[HV��6FKHPH������>���@ ,Q�D�W\SLFDO
RUJDQLF� V\QWKHVLV� E\� PHDQV� RI� 6X]XNL� FRXSOLQJ� RI� D� PRQRKDORJHQDWHG� FRPSRXQGV� ZLWK
PRQRDON\O� ERURQLF� HVWHUV�� WKLV� UHDFWLRQ� UHVXOWV� LQ� WKH� IRUPDWLRQ� RI� VPDOO� DPRXQWV� RI� VLGH
SURGXFWV��,Q�$$�%%�VWHS�SRO\PHUL]DWLRQ�KRZHYHU��WKLV�UHDFWLRQ�UHSUHVHQWV�D�FKDLQ�WHUPLQDWLRQ
VWHS�RU�HYHQ�UHVXOWV�LQ�EUDQFKLQJ��6FKHPH������>���@ $FFRUGLQJO\��ZLWK�>3G�DU\O�,�33K���@�DV�D
FDWDO\VW�SUHFXUVRU� LQ�D�7+)�ZDWHU�PL[WXUH�� WKH� UHDFWLRQ�UHVXOWV� LQ� WKH�SURGXFWLRQ�RI�PHGLXP
PROHFXODU� ZHLJKW� SRO\PHU� �0Q  � ���u��� J� PRO���� WKDW� LV� QRW� D� ULJLG� URG�� 7KLV� SRO\PHU
FRQWDLQV� VLJQLILFDQW� DPRXQW� RI� SKRVSKRUXV� LQFRUSRUDWHG� LQWR� WKH� EDFNERQH�� WKXV�� FKDLQ
WHUPLQDWLRQ�WKURXJK�SKRVSKLQH�DU\O�H[FKDQJH�PXVW�KDYH�RFFXUHG�WR�D�VLJQLILFDQW�H[WHQW��8VLQJ
D�FDWDO\VW�ZLWK�PRUH�EXON\�SKRVSKLQH� OLJDQGV�� >3G,^3�R�WRO\O��`�@�� IRU�ZKLFK� WKH� UDWH�RI�DU\O
H[FKDQJH�LV�VLJQLILFDQWO\�ORZHU��D�KLJKHU�PROHFXODU�ZHLJKW�SRO\PHU�LV�IRUPHG��0Q  ����u��� J
PRO����� DQG�QR�SKRVSKRURXV� FDQ�EH�GHWHFWHG� LQ� WKH�SRO\PHU� &RQIRUPDWLRQDO� DQDO\VLV� RI� WKH
SRO\PHU�E\�OLJKW�VFDWWHULQJ�DQG�YLVFRVLPHWU\�LQGLFDWH� WKDW� WKH�UHVXOWLQJ�SRO\PHU�LV�FORVH�WR�D



��
ULJLG�URG�

� &RQFOXVLRQV�DQG�2XWORRN
$OEHLW�WKH�SULQFLSDO�SRVVLELOLW\�RI�FDUU\LQJ�RXW�FDWDO\WLF�SRO\PHUL]DWLRQV�LQ�WKH�SUHVHQFH

RI�ZDWHU�KDG�EHHQ�NQRZQ�VLQFH�WKH�����V��VLJQLILFDQW�DGYDQFHV�LQ�FDWDO\WLF�SRO\PHUL]DWLRQV�LQ
DTXHRXV� V\VWHPV�KDYH�RQO\�EHHQ�DFKLHYHG�RYHU� WKH�SDVW� GHFDGH��7RGD\�� ���YDULRXV�GLIIHUHQW
W\SHV�RI� WUDQVLWLRQ�PHWDO�FDWDO\]HG�SRO\PHUL]DWLRQV�FDQ�EH�FDUULHG�RXW�HIILFLHQWO\� LQ�DTXHRXV
V\VWHPV�����D�ZLGH�UDQJH�RI�SRO\PHUV�UDQJLQJ�IURP�K\GURFDUERQV�WR�ZDWHU�VROXEOH�SRO\PHUV�
DQG�D�VFRSH�RI�SRO\PHU�DUFKLWHFWXUHV�DUH�DFFHVVLEOH�����SRO\PHUL]DWLRQ�FDQ�EH�FDUULHG�RXW�LQ�D
FRQWUROOHG�IDVKLRQ�����V\QWKHVLV�RI�SRO\PHU�ODWLFHV�LV�SRVVLEOH�LQ�PDQ\�FDVHV�

2QH�PDMRU� WKUXVW� IRU� WKHVH� GHYHORSPHQWV� DUH� FHUWDLQO\� WKH� UHFHQW� GLVFRYHULHV� RI� QHZ
ODWH� WUDQVLWLRQ� PHWDO� EDVHG� SRO\PHUL]DWLRQ� FDWDO\VWV� DQG� LQLWLDWRUV�� :HOO�GHILQHG
RUJDQRPHWDOOLF�FRPSOH[HV��ZKLFK�GR�QRW�UHTXLUH�ZDWHU�VHQVLWLYH�FRFDWDO\VWV��DUH�QRZ�DYDLODEOH
DV� FDWDO\VW� SUHFXUVRUV� RU� LQLWLDWRUV� IRU� ROHILQ� SRO\PHUL]DWLRQ�� 5DGLFDO� SRO\PHUL]DWLRQ� ZLWK
PHWDO� FRPSOH[HV� �$753�� DOORZV� IRU� D� SUHFLVH� FRQWURO� RI� PROHFXODU� ZHLJKW� LQ� DTXHRXV
SRO\PHUL]DWLRQ�� $Q� LQFUHDVHG� JHQHUDO� FRQFHUQ� ZLWK� HQYLURQPHQWDO� LVVXHV� PDNHV� ZDWHU� DQ
DWWUDFWLYH� UHDFWLRQ� PHGLXP�� :LWK� SRO\PHU� ODWLFHV�� WKLV� DGYDQWDJH� LV� QRW� UHVWULFWHG� WR� WKH
SRO\PHUL]DWLRQ�SURFHVV��EXW�DOVR�DSSOLHV�WR�WKH�SURGXFW�LWVHOI��7KH�JHQHUDO�VXUJH�RI�LQWHUHVW�LQ
PLFUR�� DQG� QDQRSDUWLFOHV� FXUUHQWO\� FRQWLQXHV�� DQG� FDWDO\WLF� SRO\PHUL]DWLRQ� LQ� DTXHRXV
HPXOVLRQ�SURYLGHV�FRQYHQLHQW�DFFHVV�WR�GLVSHUVLRQV�RI�D�UDQJH�RI�QRYHO�SRO\PHU�QDQRSDUWLFOHV
LQ�WKH�VL]H�UDQJH�RI�FD�����QP�WR����P�

$�QXPEHU�RI� LVVXHV�DQG�FKDOOHQJHV�ZLOO� EH�RI�SDUWLFXODU� LQWHUHVW� LQ� WKH� IXWXUH��8S� WR
QRZ�� OLWWOH� GDWD� LV� DYDLODEOH� UHJDUGLQJ� ODWH[� SURSHUWLHV�� VXFK� DV� VWDELOLW\� DQG� ILOP� IRUPDWLRQ�
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DQG�RQ�WKH�SURSHUWLHV�RI�WKH�UHVXOWLQJ�ILOPV��VXFK�DV�DGKHVLRQ�WR�VXEVWUDWHV�RI�YDU\LQJ�SRODULW\��
,Q�DTXHRXV�ROHILQ�SRO\PHUL]DWLRQV��WKHVH�SURSHUWLHV�FDQ�EH�FRQWUROOHG�E\�FRSRO\PHUL]DWLRQV�RI
FRPPRQ� PRQRPHUV�� LQFOXGLQJ� SRODU�IXQFWLRQDOL]HG� ROHILQV�� ,QFUHDVHV� LQ� FDWDO\VW� HIILFLHQF\
UHJDUGLQJ� FRPRQRPHU� LQFRUSRUDWLRQ� LQ� HWK\OHQH� SRO\PHUL]DWLRQ� DQG� VWDELOLW\� WRZDUGV� SRODU
PRQRPHUV�DUH�GHVLUDEOH��)RU�LQVWDQFH��SRO\ROHILQ�ODWLFHV�ZLWK�ILOP�IRUPLQJ�SURSHUWLHV�FRXOG�EH
XVHIXO� IRU� 89�VWDEOH� FRDWLQJV�� 7KH� SRVVLELOLW\� WR� SUHSDUH� D� YDULHW\� RI� GLIIHUHQW� SRO\PHU
DUFKLWHFWXUHV� LQ� DTXHRXV� SRO\PHUL]DWLRQV� E\� $753�� VXFK� DV� KLJKO\� EUDQFKHG� SRO\PHUV�
DPSKLSKLOLF�FRSRO\PHUV�RU� VXUIDFH�JUDIWHG� LQRUJDQLF�RU�RUJDQLF�SRO\PHU�SDUWLFOHV�ZLOO�EH�RI
VWURQJ�IXWXUH�LQWHUHVW��0ROHFXODU�ZHLJKW�FRQWURO�LQ�WKH�SUHSDUDWLRQ�RI�ZDWHU�VROXEOH�SRO\PHUV�
VXFK� DV� SRO\DFU\ODPLGH�� LV� SDUWLFXODUO\� DWWUDFWLYH�� $OEHLW� YHU\� KLJK� FDWDO\VW� DFWLYLWLHV� KDYH
DOUHDG\�EHHQ�UHSRUWHG�LQ�VRPH�FDVHV��IRU�DOO�SRO\PHUL]DWLRQV�GLVFXVVHG�IXUWKHU�LPSURYHPHQWV
LQ�FDWDO\VW�DFWLYLWLHV�DUH�GHVLUDEOH��)RU�LQVWDQFH��LQ�D�SRO\PHUL]DWLRQ�DLPHG�DW�SUHSDULQJ�D�ODWH[�
LW�LV�GHVLUDEOH�WR�OHDYH�WKH�FDWDO\VW�LQ�WKH�SURGXFW�LQ�RUGHU�WR�PDLQWDLQ�WKH�LQWULJXLQJ�VLPSOLFLW\
RI� WKLV�GLUHFW� URXWH� WR� D� SRO\PHU� GLVSHUVLRQ��7R� DFKLHYH� QHJOLJLEOH� FRQWHQWV� RI�PRUH� RU� OHVV
SUHFLRXV� DQG�SRWHQWLDOO\�KDUPIXO�PHWDOV� DQG� OLJDQGV�� KLJK� HIILFLHQFLHV� DUH� QHFHVVDU\�


 7KH
PHFKDQLVPV�RI�SDUWLFOH�IRUPDWLRQ�DQG�SRO\PHUL]DWLRQ�NLQHWLFV�DUH�RI� IXQGDPHQWDO� LQWHUHVW� LQ
WKHLU�RZQ�ULJKW��EXW�DQ�XQGHUVWDQGLQJ�LV�DOVR�GHVLUDEOH�IRU�D�UDWLRQDO�FRQWURO�RI�SRO\PHUL]DWLRQ
DQG�WR�LQFUHDVH�FDWDO\VW�HIILFLHQFLHV�LQ�WKHVH�PXOWLSKDVH�V\VWHPV�LQ�JHQHUDO��)RU�LQVWDQFH��WKH
ORFDWLRQ� RI� WKH� FDWDO\WLFDOO\� DFWLYH�PHWDO� FHQWHUV� GXULQJ� WKH� GLIIHUHQW� VWDJHV� RI� WKH� UHDFWLRQ
�DTXHRXV�SKDVH��LQVLGH�PRQRPHU�GURSOHWV�UHVSHFWLYHO\�SRO\PHU�SDUWLFOHV��RU�RQ�WKH�LQWHUIDFH�



 �� 7KH�LVVXH�RI�FDWDO\VW�UHVLGXHV�LQ�WKH�SRO\PHU�SURGXFW�KDV�EHHQ�GLVFXVVHG�LQWHQVO\�LQ�WKH�JHQHUDOFRQWH[W�RI�ODWH�WUDQVLWLRQ�PHWDO�FDWDO\]HG�SRO\PHUL]DWLRQV��7KLV�DZDUHQHVV�LV�FRQWUDVWHG�E\�OLWWOHGDWD�SXEOLVKHG�UHJDUGLQJ�H�J��WR[LF�HIIHFWV�RI�VXFK�UHVLGXHV��,Q�GHWDLO��WKH�UHOHYDQFH�RI�PHWDO�DQGOLJDQG�UHVLGXHV�ZLOO�GHSHQG�RQ�WKH�DSSOLFDWLRQ�VRXJKW�DQG�WKH�FDWDO\VW�XVHG�
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LV� ODUJHO\� XQFODULILHG� WR� GDWH��7KH� VFRSH� RI� SDUWLFOH�PRUSKRORJLHV� DFFHVVLEOH�� H�J�� FRUH�VKHOO
SDUWLFOHV�ZLWK�GRPDLQV�RI�GLIIHUHQW�JODVV�WUDQVLWLRQ�WHPSHUDWXUHV��UHPDLQV�WR�EH�H[SORUHG�

,Q� VXPPDU\�� UHFHQW� DGYDQFHV� LQ� DTXHRXV� FDWDO\WLF� SRO\PHUL]DWLRQV� KDYH� DIIRUGHG� D
UDQJH�RI�QHZ�PDWHULDOV�� SDUWLFXODUO\�SRO\PHU� ODWLFHV� SUHYLRXVO\� LQDFFHVVLEOH� DQG� QHZ�ZDWHU�
VROXEOH� SRO\PHUV��9DULRXV� DWWUDFWLYH� WRSLFV� IRU� IXQGDPHQWDO� UHVHDUFK� KDYH� LQ� WXUQ� HPHUJHG�
DQG�SRWHQWLDO�DSSOLFDWLRQV�FDQ�EH�HQYLVLRQHG��7KH�DWWUDFWLYLW\�DQG�YHUVDWLOLW\�RI�WKLV�ILHOG�UHVXOW
IURP�WKH�RYHUODS�DQG�FRPELQDWLRQ�RI�SRO\PHU�FKHPLVWU\��RUJDQRPHWDOOLF�FKHPLVWU\��FDWDO\VLV�
DQG�FROORLG�VFLHQFH�
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