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7KH�GHYHORSPHQW�RI�QRYHO�PDWHULDOV�VHOHF�
WLYHO\�DEVRUELQJ� OLJKW� LQ�YLVLEOH�RU�,5�VSHF�
WUDO�UHJLRQV�LV�DPRQJ�WKH�PRVW�WRSLFDO�SURE�
OHPV� LQ� WKH�PRGHUQ�PDWHULDOV� VFLHQFH��6XFK
PDWHULDOV� DUH� XVHG� ZLGHO\� LQ� ,5� UDGLDWLRQ
GHWHFWLRQ�� LQ� PDQXIDFWXULQJ� RI� ELRORJLFDO
DQG�FKHPLFDO�VHQVRUV��FRORUDQWV��H�J���6L2�±6L2��$X� QDQRSDUWLFOHV�� >�@�� 7R� V\QWKHVL]HVXFK�PDWHULDOV� XVLQJ� WKH� VRO�JHO� WHFKQLTXH�
WKH� WKRURXJKO\� GHK\GUDWHG� PRQREDVLF� DOFR�
KROV��DV�D�UXOH�WKRVH�FRQWDLQLQJ���WR���FDUE�
RQ�DWRPV��DUH�QHFHVVDU\�DV�WKH�PHGLD�
:DWHU�LV�D�SHUPDQHQW�DQG�RIWHQ�XQGHVLU�

DEOH� LPSXULW\� LQ� HVVHQWLDOO\� DOO� UHDJHQWV
XVHG�WR�PDQXIDFWXUH�YDULRXV�IXQFWLRQDO�PD�
WHULDOV�>�@��WKDW�LV�ZK\�LWV�FRQWHQW�VKRXOG�EH
PRQLWRUHG��,Q�PRVW�FDVHV��WKH�ZDWHU�FRQWHQW
FRQWURO�PHWKRGV�DUH�EDVHG�RQ� LWV�H[WUDFWLRQ
RXW� RI� WKH�PDWHULDO� XQGHU� DQDO\VLV�ZLWK� DQ

DSSURSULDWH� RUJDQLF� VROYHQW� >�@�� XVXDOO\
ZLWK� DQ� DEVROXWH� DOFRKRO�� 7R� WKDW� HQG�� WKH
ZDWHU�FRQWHQW� LQ� WKH�DOFRKRO�VKRXOG�EH�FRQ�
WUROOHG� ERWK� SULRU� WR� DQG� DIWHU� WKH� H[WUDF�
WLRQ��7KH�.�)LVFKHU�PHWKRG�XVHG�ZLGHO\�IRU
WKDW�SXUSRVH��LQ�VSLWH�RI�LWV�KLJK�VSHFLILFLW\
DQG� VHQVLWLYLW\�� KDV� VRPH� OLPLWDWLRQV� DQG
GUDZEDFNV�� LQFOXGLQJ� LWV� WR[LFLW\�� QHFHVVLW\
RI�GDLO\�GHWHUPLQDWLRQ�RI� WKH�UHDJHQW�WLWHU�
WLPH�FRQVXPLQJ� WLWUDWLRQ� SURFHVV� >�@�� 7KH
GLHOFRPHWULF�PHWKRG� EDVHG� RQ�PHDVXUHPHQW
RI� GLHOHFWULF� FRQVWDQWV� �H�� RI� RUJDQLF� ZDWHU
VROXWLRQV� LV� IUHH� RI� WKH� DERYH�PHQWLRQHG
GUDZEDFNV�� 6LQFH� PRVW� RUJDQLF� VXEVWDQFHV
KDYH�FRQVLGHUDEO\�ORZHU�GLHOHFWULF�FRQVWDQWV
WKDQ�ZDWHU�� LW� LV� H[SHGLHQW� WR� XVH� FDOLEUDW�
LQJ� FXUYHV� >�@� DQG� WKXV� WR� LQFUHDVH� WKH�GH�
WHUPLQDWLRQ� DFFXUDF\� DV� FRPSDUHG� WR� WKH
.�)LVFKHU�PHWKRG��+RZHYHU��DV�H� LV�D�IXQF�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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WLRQ� RI� WHPSHUDWXUH�� WKH� PHDVXULQJ� FHOO
VKRXOG�EH�WKHUPRVWDWHG�
7KH�DLP�RI�WKLV�ZRUN�ZDV�WR�GHYHORS�WKH

GLHOFRPHWULF� SURFHGXUHV� IRU� ZDWHU� FRQFHQ�
WUDWLRQ� GHWHUPLQDWLRQ� LQ� DOFRKROV� XVHG� DV
H[WUDFWLQJ� DJHQWV� DQG�PHGLD� LQ� WKH� V\QWKH�
VLV�RI�GLVSHUVHG�PDWHULDOV�
0HWKDQRO� �0HUFN�� VSHFLDO� SXULW\� JUDGH��

HWKDQRO� DQG� LVRSURSDQRO� �ERWK� 6\QELDV�
FKHPLFDO� SXULW\� JUDGH�� ZHUH� GHK\GUDWHG
XVLQJ� WKH� VWDQGDUG� WHFKQLTXH� �UHIOX[LQJ
ZLWK� FDOFLXP� PHWDO��� 7KH� )LVFKHU� UHDJHQW�
VWDQGDUG� ZDWHU� VROXWLRQ� LQ� PHWKDQRO�� DQG
WKH� EDFNJURXQG� G\H� �PHWK\OHQH� EOXH�� VROX�
WLRQ� ZHUH� SUHSDUHG� DFFRUGLQJ� WR� >�@�� 7KH
WLWUDWLRQ� ZLWK� YLVXDO� LQGLFDWLRQ� RI� WKH� HQG
SRLQW�ZDV�FDUULHG�RXW�LQ�DQ�DSSDUDWXV��SUR�
YLGLQJ� WKH� UHDJHQW� DQG� VDPSOH� SURWHFWLRQ
DJDLQVW�DWPRVSKHULF�KXPLGLW\� >�@��7KH�GLHO�
FRPHWULF� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW
XVLQJ� D� (����� GLJLWDO� GHYLFH� �WKH� PHDVXUH�
PHQW� IUHTXHQF\� �� 0+]�� WKH� VLJQDO� DPSOL�
WXGH� ����� 9�� PDGH� LQ� %HODUXV�� LQ� D� KRPH�
PDGH�FHOO� >�@�SODFHG�LQ�D�7&�����7&����GU\
DLU� WKHUPRVWDW� �PDGH� LQ� 5XVVLD��� 7KH� GDWD
REWDLQHG�ZHUH�SURFHVVHG�DFFRUGLQJ� WR� >�@�DW
WKH�FRQILGHQFH�SUREDELOLW\�������7KH�IROORZ�
LQJ� QRWDWLRQV� ZHUH� XVHG��Q�� WKH� QXPEHU� RI
LQGLYLGXDO�SDUDOOHO�PHDVXUHPHQWV�IRU�D�VSH�
FLILF� VDPSOH�� I�� WKH� QXPEHU� RI� GHJUHHV� RI
IUHHGRP��&

BB
r'&�� WKH�ZDWHU�FRQFHQWUDWLRQ�GH�

WHUPLQHG�LQ�WKH�VSHFLILF�VDPSOH��7KH�HVWLPD�
WLRQV�RI�VDPSOLQJ�GLVSHUVLRQV�ZHUH�XVHG�SUH�
HVWDEOLVKHG� IURP� WKH� PXOWLSOH� DQDO\VLV� UH�
VXOWV� RI� VDPSOHV� ZLWK� YDULRXV� ZDWHU
FRQWHQWV�� 7KH� PHQWLRQHG� VDPSOLQJ� GLVSHU�
VLRQ�YDOXHV� DUH� EHWWHU� HVWLPDWLRQV� RI� FRUUH�
VSRQGLQJ�JHQHUDO�GLVSHUVLRQV�WKDQ�WKRVH�RE�
WDLQHG� XVLQJ� VPDOO� YROXPH� VDPSOLQJV� >��@�
7KH� YDOLGLW\� ZDV� FKHFNHG� XVLQJ� DQ� LQGH�
SHQGHQW�PHWKRG��WKH�)LVFKHU�RQH���7KH�W�FUL�
WHULRQ�ZDV�XVHG�IRU�FRPSDULVRQ�RI�WKH�PHDQ
YDOXHV� IURP� WZR� VDPSOLQJV� ZKHQ� WKH� VDP�
SOLQJ�GLVSHUVLRQV�GLIIHUHG� LQVLJQLILFDQWO\� LQ
WKH� )�FULWHULRQ�� RWKHUZLVH�� WKH� T�FULWHULRQ
�'XQFDQ��>�@�

7KH� GLHOHFWULF� FRQVWDQW� RI� WKH� VDPSOH
XQGHU� DQDO\VLV� LV� DQ� DGGLWLYH� TXDQWLW\� DW
FRQVWDQW� WHPSHUDWXUH�DQG� LQ�WKH�DEVHQFH�RI
FKHPLFDO� LQWHUDFWLRQ� EHWZHHQ� WKH� FRPSR�
QHQWV�>��@��7KH�PHDVXUHPHQWV�ZHUH�PDGH�LQ
WKH�PHGLXP�IUHTXHQF\�UDQJH����0+]��ZKHUH
ERWK� ORZ�IUHTXHQF\� DQG�KLJK�IUHTXHQF\�GLV�
SHUVLRQV�RI�GLHOHFWULF�FRQVWDQW�DUH�DEVHQW�LQ
WKH�V\VWHPV�EHLQJ�VWXGLHG�>�@�
7KH� H� GHSHQGHQFHV� RQ� ZDWHU� FRQFHQWUD�

WLRQ��&��PJ�P/��IRU�PHWKDQRO��HWKDQRO��DQG
LVRSURSDQRO� DUH� GHVFULEHG� VDWLVIDFWRULO\� E\
OLQHDU�HTXDWLRQ

)LJ�����&RQFHQWUDWLRQ�GHSHQGHQFHV�RI�H� �È��5� 
�������DQG�6U��E��5� ��������IRU�WKH�GLHOFRPHW�ULF�ZDWHU�GHWHUPLQDWLRQ�LQ�LVRSURSDQRO�DW����&�
7KH�QXPEHUV�QHDU�WKH�H[SHULPHQWDO�SRLQWV�LQGL�
FDWH�WKH�QXPEHU�RI�IUHHGRP�GHJUHHV�

7DEOH����&RHIILFLHQWV�LQ�HTXDWLRQV�IRU�FRQFHQWUDWLRQ�GHSHQGHQFHV�RI�GLHOHFWULF�FRQVWDQW�DQG�UHOD�
WLYH�VWDQGDUG�GHYLDWLRQ�IRU�YDULRXV�DOFRKROV

$OFRKRO W��& H 6U
D r'D E r'E Dc r'Dc Ec r'Ec
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H� �D���E&����H� �I�&���� ���
7KH�FRUUHVSRQGLQJ�UHJUHVVLRQ� IDFWRUV�DUH

SUHVHQWHG� LQ� 7DEOH���� WKH� GHSHQGHQFH� IRU
LVRSURSDQRO�LV�VKRZQ�DOVR�LQ�)LJ���D�
8VLQJ� WKH� DQDO\WLFDO� DUFKLYH� GDWD�� WKH

VDPSOLQJ� VWDQGDUG� GHYLDWLRQV� RI� WKH� GLHO�
FRPHWULF� ZDWHU� GHWHUPLQDWLRQ� ZHUH� HVWL�
PDWHG� IRU� D� ZLGH� ZDWHU� FRQFHQWUDWLRQ
UDQJHV�LQ�PHWKDQRO��������WR������PJ�P/��
HWKDQRO� ������� WR� ����� PJ�P/�� DQG� LVR�
SURSDQRO� ������ WR� ����� PJ�P/��� 7KH� FRQ�
FHQWUDWLRQ� GHSHQGHQFHV� RI� 6U� DJUHH� ZHOOZLWK� VLPLODU� GHSHQGHQFHV� SUHVHQWHG� LQ� >��@
DQG� DUH� GHVFULEHG� VDWLVIDFWRULO\� E\� WKH� OLQ�
HDU�HTXDWLRQ�����

6U� �Dc���Ec&� ���
ZKHUH� &� LV� WKH� ZDWHU� FRQFHQWUDWLRQ� LQ� WKH
DOFRKRO�
)RU�VXEVHTXHQW�VWDWLVWLFDO�HVWLPDWLRQV��6UYDOXHV� FRUUHVSRQGLQJ� WR� WKH� SUH�VSHFLILHG�&

RQHV�ZHUH�IRXQG�SURFHHGLQJ�IURP�WKH�HVWDE�
OLVKHG� OLQHDU�GHSHQGHQFHV��$FFRUGLQJ� WR�WKH
OLQHDU�UHODWLRQ�VWDWLVWLFV�>�@��WKH�QXPEHUV�RI
IUHHGRP� GHJUHHV� IRU� WKH� IRXQG� 6U� HVWLPD�WLRQV�DUH�HTXDO�WR�1Ü���ZKHUH�1�LV�WKH�WRWDO
QXPEHU� RI� H[SHULPHQWV� XVHG� WR� GHWHUPLQH
WKH�SDUDPHWHUV�RI�VWUDLJKW� OLQH� �����7KH�FR�
HIILFLHQWV� IRU� H[SHULPHQWDO� 6U� �I�&�� GH�SHQGHQFHV�IRU�GLHOFRPHWULF�ZDWHU�GHWHUPLQD�
WLRQ�LQ�WKH�VWXGLHG�DOFRKROV�DUH�SUHVHQWHG�LQ
7DEOH��� �WKH� GHSHQGHQFH� IRU� LVRSURSDQRO� LV
VKRZQ�LQ�)LJ���E���
7KH�FRQFHQWUDWLRQ�GHSHQGHQFH�RI�6U�LV�DVD�UXOH�OLQHDU�LQ�WKH�6UÜ��&�FRRUGLQDWHV��3HU�KDSV� WKH�XQXVXDO�VKDSH�RI�WKH�VWDQGDUG�GH�

YLDWLRQ�GHSHQGHQFH�RQ�FRQFHQWUDWLRQ� ����GH�
ULYHG�E\�XV��LWV�OLQHDULW\�LQ�WKH�6UÜ&�FRRUGL�QDWHV�� LV�GHILQHG�E\�WKH�SHFXOLDULWLHV�RI�WKH
GLHOHFWULF�FHOO�FDSDFLW\�E\�WKH�EULGJH�PHWKRG
XVLQJ� WKH� /&5� GLJLWDO� GHYLFH�� 6LQFH� WKH
PHDVXUHG�FDSDFLW\�YDOXH�LV�SURSRUWLRQDO�WR�H�
WKDW� FDSDFLW\� LQFUHDVHV� LQ� SDUDOOHO� ZLWK� WKH
ZDWHU� FRQFHQWUDWLRQ�� WKH� FDSDFLW\� PHDVXUH�
PHQW� HUURU� JURZLQJ� LQ� SDUDOOHO� ZLWK� WKH
VDPSOH� FRQGXFWLYLW\�� ,Q� WKH� FDVHV� ZKHQ� 6ULQFUHDVHV� LQ�SDUDOOHO�ZLWK� WKH�FRQFHQWUDWLRQ
RI� WKH�FRPSRQHQW�WR�EH�GHWHUPLQHG��WKH�GH�
WHUPLQDWLRQ� OLPLW� VKRXOG� EH� HVWLPDWHG� IRU
ERWK� PLQLPXP� DQG� PD[LPXP� FRPSRQHQW
FRQFHQWUDWLRQ�� ,Q� WKLV� FDVH�� WKH�XSSHU� OLPLW
RI� WKH� FRQFHQWUDWLRQ� LV� HVWLPDWHG� DV� WKH
PD[LPXP�FRQFHQWUDWLRQ�YDOXH� WR�ZKLFK� WKH
UDQGRP�HUURU�6U� �����DQVZHUV�WKDW�LV�PD[L�PXP� DGPLVVLEOH� IRU� D� TXDQWLWDWLYH� DQDO\WL�
FDO�SURFHGXUH�>��@��6LQFH�DW�WKH�GLHOFRPHWULF
ZDWHU� GHWHUPLQDWLRQ� LQ� DOFRKROV� FRQWDLQLQJ

�� WR� ����� PJ�P/� RI� ZDWHU�� WKH� 6U� YDULHVZLWKLQ� OLPLWV� RI� ������ WR� ������ IRU�PHWKD�
QRO��RI�������WR������IRU�HWKDQRO�>�@��DQG�RI
������WR�������IRU� LVRSURSDQRO� �L�H���6U��DWWKH�PD[LPXP�ZDWHU�FRQWHQW���WKH�GHYHORSHG
SURFHGXUH� FDQ� EH� DVVHUWHG� WR� SURYLGH� D
KLJKO\�UHOLDEOH�ZDWHU�GHWHUPLQDWLRQ� LQ�DOFR�
KROV� FRQWDLQLQJ� ZDWHU� LQ� KLJK� FRQFHQWUD�
WLRQV��7KH�ORZHU�GHWHUPLQDEOH�FRQFHQWUDWLRQ
OLPLW� IRU� WKH� GLHOFRPHWULF�PHWKRG�ZDV� HVWL�
PDWHG�LQ�DFFRUGDQFH�ZLWK�,83$&�JXLGHOLQHV
>��@�� 7R� WKDW� HQG�� WKH� VWDQGDUG� GHYLDWLRQ
YDOXH� IRU� WKH� DYHUDJH� PHDVXUHG� UHVXOW� RI
GLIIHUHQFH� DQDO\WLFDO� VLJQDO� �6E�� IRU� QHDUO\EODQN� VDPSOHV� �LQ� RXU� FDVH�� IRU� QHDUO\
ZDWHU�IUHH� DOFRKROV�� ZDV� IRXQG� IURP� WKH
FRQILGHQFH�LQWHUYDO��r'E��YDOXHV�IRU�DQJXODU
FRHIILFLHQWV� �7DEOH����� 7KH� GLIIHUHQFH� DQD�
O\WLFDO� VLJQDO� H[FHHGLQJ�6E�E\�D� IDFWRU�RI��FRUUHVSRQGV� WR� WKH� UHOLDEOH� GHWHFWLRQ� OLPLW
&OLP� >�@� WKDW� LV� HDV\� WR� FDOFXODWH� XVLQJ� WKHGHSHQGHQFH�����DQG�GDWD�IURP�7DEOH���
,W�KDV�EHHQ�HVWDEOLVKHG�EHIRUH�>�@�WKDW�WKH

FRQFHQWUDWLRQ�GHSHQGHQFHV�RI�VWDQGDUG�GHYLD�
WLRQV� IRU� WLWULPHWULF� ZDWHU� GHWHUPLQDWLRQ� LQ
WKH� DOFRKROV� XQGHU� VWXG\� XVLQJ� WKH� )LVFKHU
UHDJHQW� DUH� GHVFULEHG� VDWLVIDFWRULO\� E\� OLQHDU
HTXDWLRQV��QDPHO\��6U� ������������������&Z�IRU� PHWKDQRO�� 6U� ��������������� ���&Z�� IRUHWKDQRO�� UHVSHFWLYHO\�� ,Q� WKLV� ZRUN�� WKH� FRQ�
FHQWUDWLRQ� 6U� GHSHQGHQFH� IRU� WLWULPHWULFZDWHU�GHWHUPLQDWLRQ� LQ� LVRSURSDQRO� �DW�ZDWHU
FRQFHQWUDWLRQV� RI� ����� WR� ����� PJ�P/�� LV
VKRZQ� WR� FRUUHVSRQG� WKH� OLQHDU� HTXDWLRQ
6U� �������r�������������������������&Z��� VHH)LJ����
7KH�ORZHU�FRQFHQWUDWLRQ�OLPLW�DW�WLWULPHW�

ULF� ZDWHU� GHWHUPLQDWLRQ� LQ� DOFRKROV� XVLQJ
WKH� )LVFKHU� PHWKRG� ZDV� HVWLPDWHG� E\� H[�
WUDSRODWLQJ�WKH�DERYH�FRQFHQWUDWLRQ�GHSHQG�
HQFHV�WR�6U� �����>��@��,Q�7DEOH����VKRZQ�DUHWKH� HVWLPDWHG� OLPLWLQJ� SRWHQWLDO� IRU

)LJ�����&RQFHQWUDWLRQ�GHSHQGHQFHV�RI�6U�IRU�WKHWLWULPHWULF� ZDWHU� GHWHUPLQDWLRQ� LQ� LVRSURSDQRO
XVLQJ�WKH�.�)LVFKHU�PHWKRG��5� �������

7�$�%ODQN�HW�DO����6SHFLILF�IHDWXUHV�RI�GLHOFRPHWULF����
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WLWULPHWULF�)LVFKHU�PHWKRG�DQG�GLHOFRPHWULF
RQH��$V� LV� VHHQ�� WKH�FDOFXODWHG� ORZHU� OLPLWV
IRU� WKH� GLHOFRPHWULF� PHWKRG� DUH� VRPHZKDW
KLJKHU� WKDQ� IRU� WKH� WLWULPHWULF� GHWHUPLQD�
WLRQ�� )RU� PHWKDQRO� DQG� HWKDQRO�� WKH� ORZHU
GHWHUPLQDWLRQ� OLPLWV� IRU� ERWK� PHWKRGV� DUH
RI� WKH� VDPH� RUGHU� ZKLOH� IRU� LVRSURSDQRO�
WKDW� OLPLW� IRU� GLHOFRPHWULF� PHWKRG� H[FHHGV
WKDW� IRU� WLWULPHWULF� RQH� PRUH� WKDQ� E\� RQH
GHFLPDO�RUGHU�
$W� WKH� RWKHU�KDQG��ZKHQ� WLWUDWLQJ���P/

RI� DOFRKRO� FRQWDLQLQJ�� H�J��� ����� PJ�P/
ZDWHU� ZLWK� FRQFHQWUDWHG� )LVFKHU� UHDJHQW
ZLWK�WLWHU�RI�����PJ�P/��WKH�YROXPH�RI�RQH
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