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5HFHLYHG�0DUFK���������
$TXHRXV� FROORLG� VROXWLRQV� RI� HXURSLXP�GRSHG� JDGROLQLXP� RUWKRYDQDGDWHV� KDYH� EHHQ

SUHSDUHG�� 7KH� QDQRSDUWLFOHV� RI� DERXW� ��� QP� GLDPHWHU� VKRZ� D� EULJKW� OXPLQHVFHQFH�� 7KH
DTXHRXV� Q*G92��(X� VROXWLRQV� DUH� WUDQVSDUHQW� LQ� WKH� YLVLEOH� UHJLRQ� DQG� PDLQWDLQ� WKHXQFKDQJHG�SURSHUWLHV�IRU�PRUH�WKDQ�WZR�PRQWKV��7KH�SUHVHQFH�RI�LQRUJDQLF�VDOWV�FDXVHV�D
UHGXFWLRQ�RI�WKH�VROXWLRQ�DJJUHJDWLYH�VWDELOLW\��7KH�DJJUHJDWLRQ�WKUHVKROG�YDOXHV�DUH�LQ�D
FORVH�FRUUHVSRQGHQFH�ZLWK�WKH�6FKXOW]H�+DUG\�UXOH�DQG�WKH��WK�SRZHU�'HU\DJLQ�/DQGDX�ODZ
IRU��QHJDWLYH��O\RSKRELF�VROV�
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,QRUJDQLF�OXPLQHVFHQW�PDWHULDOV�DUH�XVHG
ZLGHO\� LQ�PRGHUQ�HQJLQHHULQJ�DQG�HOHFWURQ�
LFV� >�@�� 7RGD\�� OXPLQHVFHQW� QDQRPDWHULDOV
IRU� QRYHO� FRPSRVLWHV� DQG� HOHFWURQLF� GHYLFHV
WDNH�D�VSHFLDO�DFWXDOLW\��7KH�JUHDW�KRSHV�DUH
SLQQHG� RQ� WKH� XVH� WKHUHRI� LQ� ELRORJ\� DQG
PHGLFLQH� >����@�� ,Q� SDUWLFXODU�� WKH� OXPLQHV�
FHQW� RUJDQLF� G\HV� DUH� XVHG� IRU� D� ORQJ� WLPH
DV� ELRORJLFDO� SUREHV� DQG� ODEHOV�� 7KH� XVH� RI
WKRVH�PDWHULDOV��KRZHYHU��LV�OLPLWHG�E\�WKHLU
ORZ� SKRWRVWDELOLW\� DQG� WR[LFLW\�� 7KH� XVH� RI
LQRUJDQLF� PDWHULDOV� ZLOO� SURYLGH� DQ� H[�
SDQGHG�PRQLWRULQJ�SRVVLELOLW\�IRU�ELRFKHPL�
FDO� SURFHVVHV�� PDLQO\� GXH� WR� KLJK� SKRWR�
VWDELOLW\� DQG� XQLTXH� FKHPLFDO� SURSHUWLHV� RI
WKH�PDWHULDOV�
7KH� VHPLFRQGXFWRU� QDQRFU\VWDOV� �QDQR�

SRLQWV��DQG�5(�GRSHG�GLHOHFWULF�QDQRFU\VWDOV
DUH� DPRQJ� WKH� REMHFWV� EHLQJ� FRQVLGHUHG� DV
WKH�PRVW� SURPLVLQJ�PDWHULDOV� IRU� LQRUJDQLF
SUREHV� >�������@��7RGD\��WKHUH�DUH�QXPHURXV
SXEOLFDWLRQV�DLPHG�DW�WKH�VWXG\�RI�ELRORJLFDO
SUREHV� DQG� ODEHOV� EDVHG� RQ� QDQR�SRLQWV�

ZKLOH� DQ� LQVXIILFLHQW� DWWHQWLRQ� LV� JLYHQ� WR
XVH�RI�OXPLQHVFHQW�GLHOHFWULF�QDQRFU\VWDOV�WR
WKDW�HQG�
,Q� WKLV� ZRUN�� WKH� V\QWKHVLV� RI� DTXHRXV

VROXWLRQV� RI� GRSHG� Q*G92��(X� LV� SUHVHQWHGDV�ZHOO�DV�WKH�VWXG\�UHVXOWV�RI�VRPH�SK\VLFR�
FKHPLFDO� DQG� FROORLGDO� SURSHUWLHV� RI� WKH� VR�
OXWLRQV�
7KH� DTXHRXV� FROORLG� VROXWLRQV� RI� RUWKR�

YDQDGDWHV�GRSHG�ZLWK�YDULRXV�UDUH�HDUWK�HOH�
PHQWV� DUH� SUHSDUHG� XVLQJ� VROLG� SKDVH� V\Q�
WKHVLV� >�@�� ZHW� XOWUDVRXQG� >�@�� VRO�JHO� >�@
DQG� FROORLG� FKHPLVWU\� >�Ü��@� WHFKQLTXHV�
+RZHYHU�� WKH� VROXWLRQV� REWDLQHG� E\� WKH
DERYH�PHWKRGV�KDYH�QRW�ILQG�XVH�LQ�ELRORJ\�
,W�ZDV�RXU�HQG�WR�SUHSDUH�WKH�DTXHRXV�VROX�
WLRQ� RI� FRQWUROOHG� FRPSRVLWLRQV� XVLQJ� QRQ�
WR[LF�PDWHULDOV��
7R�SUHSDUH�WKH�Q*G92��(X�FROORLGDO�VROX�WLRQ�� DQ� RULJLQDO� WHFKQLTXH� ZDV� XVHG� EDVHG

RQ� WKHUPDO� GHFRPSRVLWLRQ� RI� D� 5(� HOHPHQW
FRPSOH[� ZLWK� ('7$� DQG� IRUPDWLRQ� RI
ZDWHU�LQVROXEOH� 5(� RUWKRYDQDGDWHV� DV
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QDQRSDUWLFOHV��7KH�DTXHRXV�VROXWLRQV�RI�JDG�
ROLQLXP�DQG�HXURSLXP�FKORULGHV�ZHUH�PL[HG
ZLWK�('7$�GLVRGLXP�VDOW� LQ� WKH�HTXLYDOHQW
UDWLR�� WKHQ� WKH� HTXLYDOHQW� DPRXQW� RI
1D�92��VROXWLRQ��S+� �����ZDV�DGGHG�WR�WKHDERYH�PL[WXUH�� 7KHQ� WKH�PL[WXUH� ZDV� VXE�
MHFWHG� WR�GLDO\VLV� IRU����K�XVLQJ�D����.'D
PHPEUDQH��SRUH�VL]H�DERXW�����QP���7KH�GL�
DO\VLV� UXQ� ZDV� PRQLWRUHG� XVLQJ� WKH� GLD�
O\VDWH� HOHFWULF� FRQGXFWLYLW\�� 7KH� DEVRUSWLRQ
VSHFWUD� ZHUH� PHDVXUHG� XVLQJ� D� 63(&25'
����VSHFWURSKRWRPHWHU��7R�REWDLQH�WKH�OXPL�
QHVFHQFH� VSHFWUD�� DQ�0'5����PRQRFKURPD�
WRU�ZDV�XVHG�FRPELQHG�ZLWK�WKH�FRQWURO�DQG
GDWD� FROOHFWLRQ� V\VWHP� ZLWKLQ� WKH� &$0$&
VWDQGDUG�� ,W� KDV� EHHQ� IRXQG� LQ� H[SHULPHQW
WKDW� WKH� SDUWLFOHV� FRQWDLQLQJ� WKH� 5(� HOH�
PHQWV�LQ�WKH�*G�(X�PRODU�UDWLR�RI������7KH
FRDJXODWLRQ� WKUHVKROGV� ZHUH� GHWHUPLQHG� DV
LV� GHVFULEHG� LQ� >������@�� 7KH� HUURU� RI� WKH
IDVW� FRDJXODWLRQ� WKUHVKROG� YDOXHV� GLG� QRW
H[FHHG�������7KH�WUDQVPLVVLRQ�HOHFWURQ�PL�
FURVFRS\�ZDV�FDUULHG�RXW�XVLQJ�D�3(0����.
PLFURVFRSH�� 7KH� VDPSOHV� IRU� PLFURVFRS\
ZHUH�DSSOLHG�RQWR�FDUERQ�ILOP�VXEVWUDWHV�E\
LPPHUVLRQ�LQ�GLOXWHG�VROXWLRQV�DQG�GU\LQJ�
7KH� FROORLG� V\VWHP�XQGHU� VWXG\� LV� D� FRO�

RUOHVV� VROXWLRQ� WUDQVSDUHQW� LQ� WUDQVPLWWLQJ
OLJKW��7KH�FROORLGDO�FKDUDFWHU�RI�WKH�VROXWLRQ
LV�FRQILUPHG�E\�WKH�SUHVHQFH�RI�WKH�7\QGDOO
FRQH�� 7KH� FROORLG� SDUWLFOHV� SDVV� HDVLO\
WKURXJK�D�����QP�SRUH�GLDPHWHU�QLWURFHOOX�
ORVH�ILOWHU��7KH�VROLG�SKDVH�FRQFHQWUDWLRQ� LV
�����J�/��7KH�VROXWLRQ�S+�YDOXHV�DUH�����WR
�����8QGHU�89�LUUDGLDWLRQ�ZLWK�D�ZLGHEDQG
ILOWHU��D�UHG�OXPLQHVFHQFH�LV�REVHUYHG�LQ�WKH
VROXWLRQ��7KH�VROXWLRQ�SURSHUWLHV�UHPDLQ�XQ�
FKDQJHG� GXULQJ� VWRUDJH� IRU� RYHU� �� PRQWKV
LQ�QRUPDO�FRQGLWLRQV��
,Q�WKH�DEVRUSWLRQ�VSHFWUXP�RI�WKH�FROORLG

VROXWLRQV��D�ZLGH�EDQG�SHDNHG�DW�����QP�LV
REVHUYHG� �)LJ����� UHODWHG� WR� WKH� HQHUJ\

WUDQVIHU�IURP�R[\JHQ�OLJDQGV�WR�WKH�FHQWUDO
YDQDGLXP� DWRP� LQ� 92��±�� 1RWH� WKDW� IRULRQLF� VROXWLRQV� RI� VDOWV� FRQWDLQLQJ� 92��±�WKH� DEVRUSWLRQ� PD[LPXP� LV� QHDU� ���� QP�
7KH� EDQG� VKLIW� WRZDUGV� ORQJHU�ZDYHOHQJWKV
VKRZV�WKDW�92��±�LV�LQ�WKH�FU\VWDOOLQH�VWDWH�7KDW�EDQG�ZDV�REVHUYHG�E\�YDULRXV�DXWKRUV
>����������@� ZLWKLQ� WKH� ���� WR� ���� QP
UDQJH��7KH�PD[LPXP�SRVLWLRQ�VFDWWHU�LV�H[�
SODLQHG�E\�GLIIHUHQFHV� LQ� WKH�FU\VWDO� ODWWLFH
W\SH� DQG� WKH� FU\VWDOOLQH� SKDVH� SDUWLFOH� VL]H
>��@�� ,Q� RXU� FDVH�� WKH� DEVRUSWLRQ�PD[LPXP
SRVLWLRQ� RI� WKH� VROXWLRQ� FRUUHVSRQGV� PRVW
FORVHO\� WR� WKH� PRQR]LWH� QDQRFU\VWDO� W\SH
>��@�� KRZHYHU�� WKH� VROLG� SKDVH� FU\VWDOOLQH
VWDWH�ZDV�QRW�VWXGLHG�
7KH� H[FLWDWLRQ� DQG� OXPLQHVFHQFH� VSHFWUD

RI�WKH�FROORLG�VROXWLRQV��)LJ�����FRQWDLQ�QDU�
URZ� EDQGV� W\SLFDO� RI� HXURSLXP� GRSDQW� LQ
WKH� RUWKRYDQDGDWH�PDWUL[� FRPSRVLWLRQ�� 7KH
VSHFWUD� REWDLQHG� DUH� DQDORJRXV� WR� WKRVH� RI
VLPLODU� V\VWHPV� DQG� DUH� GHVFULEHG� LQ� GHWDLO
LQ�>�Ü������@�
)LJ���� SUHVHQWV� WKH� HOHFWURQ�PLFURVFRSLF

LPDJH� RI� WKH� VROLG� SKDVH� IURP� WKH� DTXHRXV
Q*G92��(X�FROORLG�VROXWLRQ��7KH�VROLG�SKDVHLV� VHHQ� WR� EH� D� SRO\GLVSHUVH� V\VWHP� RI
VSKHULFDO�SDUWLFOHV��7KH�DYHUDJH�SDUWLFOH�GL�
DPHWHU� LV� ��� QP� �r�� QP� VWDQGDUG� GHYLD�
WLRQ��� ,W� LV� WR�QRWH�HVSHFLDOO\� WKH�ZHOO�YLVX�
DOL]DEOH� OD\HUV� VXUURXQGLQJ� WKH� QDQRSDUWL�
FOHV� DQG� KDYLQJ� D� UHGXFHG� GHQVLW\� XQGHU
HOHFWURQ�PLFURVFRS\�FRQGLWLRQV��7KRVH�OD\HUV
DUH�REYLRXVO\�DQ�RUJDQLF�SKDVH�FRQVLVWLQJ�RI
('7$�DQG�SOD\LQJ�WKH�SDUW�RI�WKH�SRWHQWLDO�
IRUPLQJ� SURWHFWLYH� OD\HU�� 7KH� SUHVHQFH� RI
WKDW� OD\HU� LQIOXHQFHV� WR� D� FRQVLGHUDEOH� H[�
WHQW�WKH�VROXWLRQ�VWDELOLW\�DQG�FROORLG�FKHPL�
FDO� SURSHUWLHV�� 7KDW� LV�� ('7$� SURYLGHV� VL�
PXOWDQHRXVO\�WZR�IXQFWLRQV�DW�WKH�V\QWKHVLV
RI� QDQRSDUWLFOHV��$W� WKH� V\QWKHVLV� VWDJH�� LW

)LJ�����$EVRUSWLRQ�VSHFWUXP�RI�FROORLG�VROXWLRQ
Q*G92��(X��

)LJ�� ��� ([FLWDWLRQ� �OYLV� �����Óä�� �DQG�HPLV�
VLRQ� �OH[ ���Óä�� � VSHFWUD� RI� FROORLG� VROXWLRQQ*G92��(X��
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LV�WKH�ODQWKDQLGH�FRPSOH[LQJ�DJHQW�IDYRULQJ
WKH� VORZ� IRUPDWLRQ� RI� WKH� KHWHURJHQHRXV
V\VWHP�GXULQJ�WKH�WKHUPDO�GHFRPSRVLWLRQ�RI
WKH�FRPSOH[��2Q�WKH�RWKHU�KDQG��WKH�('7$
PROHFXOHV� IRUP�FKHODWH� FRPSOH[HV�ZLWK� FDW�
LRQV�DW�WKH�VROLG�SKDVH�VXUIDFHV��WKXV�IRUP�
LQJ� WKH� SURWHFWLYH� OD\HUV� WKDW� KLQGHU� WKH
FROORLG�V\VWHP�FRDJXODWLRQ�
7KH�K\GURVRO�VWDELOLW\�DJDLQVW�HOHFWURO\WH

DGPL[WXUHV� LV� DQ� LPSRUWDQW� FKDUDFWHULVWLFV
RI�WKH�VXUIDFH�SURSHUWLHV�RI�DQ�DTXHRXV�GLV�
SHUVLRQ��,Q�WKLV�ZRUN��WKH�FROORLG�GLVSHUVLRQ
VWDELOLW\�ZDV�VWXGLHG�E\�PHDVXULQJ�WKH�IDVW
FRDJXODWLRQ� WKUHVKROG� <�� 7KH� FRDJXODWLRQ
ZDV�IRXQG�WR�IROORZ�WKH��WKUHVKROG��FKDUDF�
WHU� W\SLFDO� RI� WKH� O\RSKRELF� V\VWHPV�� 7KH
FRDJXODWLRQ� WKUHVKROGV� DUH� GHILQHG� E\� WKH
FDWLRQ� QDWXUH�� WKH� DQLRQ� LQIOXHQFHV� RQO\
VOLJKWO\�WKH�<�YDOXH��7DEOH��
7KH� FRDJXODWLRQ� WKUHVKROG� <� RI

Q*G92��(X�K\GURVRO�E\�VRGLXP�FKORULGH� VR�OXWLRQ�KDV�EHHQ�IRXQG�WR�DPRXQW������PPR�
OHV�/�� 7KH� LQYHUVH� FRDJXODWLRQ� WKUHVKROGV
�<Ü���SURSRUWLRQDO�WR�WKH�FRDJXODWLQJ�DFWLRQ

DUH� LQ�SURSRUWLRQ�����������IRU�FDWLRQV�.��
.���� .���� 6XFK� FRUUHODWLRQV� FRUUHVSRQG
FORVHO\� WR� WKH� FODVVLF� 6FKXOW]H�*DUG\� UXOH
DQG� WKH� 'HU\DJLQ�/DQGDX�)DLUZD\�2YHUEHFN
�'/)2��WKHRU\�IRU�O\RSKRELF��QHJDWLYH��VROV
>������Ü��@�� 7KH� GHYLDWLRQ� IURP� WKH� �WK
SRZHU� 'HU\DJLQ�/DQGDX� ODZ� �UHTXLULQJ� WKH
UHODWLRQ� ���������� VHHPV� WR� EH� DVVRFLDWHG
ZLWK� WKH� LQFUHDVHG� UROH� RI� VSHFLILF� DGVRUS�
WLRQ� DW�PXOWLFKDUJHG� LRQV� WKDW� LV�QRW� WDNHQ
LQWR�DFFRXQW� LQ�WKH�'/)2�WKHRU\��7KH�ODUJ�
HVW� GHYLDWLRQV� IURP� WKH� �WK� SRZHU� ODZ� DUH
REVHUYHG� IRU� GRXEO\� FKDUJHG� FDWLRQV�� 7KH
QHXWUDOL]DWLRQ� FRDJXODWLRQ� PHFKDQLVP� RI
GRXEO\�FKDUJHG�FDWLRQV�LV�UHODWHG�WR�WKH�VSH�
FLILF� LQWHUDFWLRQ� RI� WKH� ODWWHU� ZLWK� WKH� FRO�
ORLG� SDUWLFOH� HQYLURQPHQW�� 7KH� FRDJXODWLQJ
DELOLW\� RI� GRXEO\� FKDUJHG� FDWLRQV�� LQ� LWV
WXUQ�� GHSHQGV� KHDYLO\� RQ� WKH� FDWLRQ� QDWXUH
DQG� LV�UHGXFHG� OLQHDUO\�DW� LQFUHDVLQJ�FDWLRQ
VL]H��)LJ������WKXV�FRUUHVSRQGLQJ�IXOO\�WR�WKH
FODVVLF� FRQFHSW� RI� O\RWURSLF� VHULHV� IRU� LUUH�
YHUVLEOH�V\VWHPV� >��@��7KH�<�GHSHQGHQFH�RQ
WKH� K\GURVRO� FRQFHQWUDWLRQ� LV� DOVR� OLQHDU�
WKXV� W\SLFDO� RI� O\RSKRELF� VROV� RI� FRQVWDQW
FRPSRVLWLRQ��)LJ�����

)LJ�� ��� 7(0� LPDJH� GDWD� RI� VROLG� SKDVH� RI
FROORLG�VROXWLRQ��Q*G92��(X�

)LJ�� ��� 'HSHQGHQFH� RI� FRDJXODWLRQ� WKUHVKROG
YDOXHV� RQ� K\GURVRO� FRQFHQWUDWLRQ� �FRDJXODQW
&D&O���

)LJ�� ��� 'HSHQGHQFH� RI� FRDJXODWLRQ� WKUHVKROG
YDOXHV�RQ�UDGLXV�RI�GRXEOH�FRDJXODQW�FDWLRQV�

7DEOH��&RDJXODWLRQ�WKUHVKROGV�RI��Q*G92��(XK\GURVRO�LQ�WKH�SUHVHQFH�RI�LQRUJDQLF�HOHF�
WURO\WHV�
6DOW = <��PRO�GPÜ�� <�1D&O��<�VDOW�
1D&O � ���� �
.&O � ���� �
.- � ���� ���
.%U � ���� ���

0J&O� � ������� ���
&D&O� � ������� ���
6U&O� � ������� ���
%D&O� � ������� ���
/D&O� � ������� ���
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7R�FRQFOXGH��WKH�V\QWKHVL]HG�DTXHRXV�QDQR�
GLVSHUVLRQV�H[KLELW�WKH�SURSHUWLHV�RI�K\GURSKR�
ELF�VROV�ZLWK�QHJDWLYHO\�FKDUJHG�VXUIDFHV��7KH
PLFHOOH� VWUXFWXUH� FDQ� EH� UHSUHVHQWHG� DV
Q>*G(X92�@P('7$±�P±[�1D�`[±[1D��� 7KH� UH�VXOWV� REWDLQHG� LQ� WKH� VWXG\� RI� WKH� VROLG
SKDVH� VXUIDFH� SURSHUWLHV� LQ� DTXHRXV� VROX�
WLRQV� DUH� WR� EH� WDNHQ� LQWR� DFFRXQW� ZKHQ
FDUU\LQJ� RXW� WKH� ELRORJLFDO� H[SHULPHQWV
ZLWK�WKDW�REMHFW�

5HIHUHQFHV
� ���*�*�(OHQLQ�� ,QIRUP��7HNKQRORJLL� 9\FKLVOLW�

6LVWHP\��1R��������������
� ���*�6FKPLG� �HG���� &OXVWHUV� DQG� &ROORLGV�� )URP

7KHRU\� WR� $SSOLFDWLRQV�� 9&+� 9HUODJVJHVHOO�
VFKDIW��:HLQKHLP���������

� ���)�:DQJ��:�%�7DQ��<�=KDQJ�HW�DO���1DQRWHFK�
QRORJ\������5���������

� ���,�1DELHY�� 6�0LWFKHOO�� $�'DYLHV� HW� DO��� 1DQR
/HWWHUV�����������������

� ���&�5�3DWUD�� 5�%KDWWDFKDU\D�� 6�3DWUD� HW� DO��
&OLQLFDO�&KHPLVWU\������������������

� ���8�5DPEDEXD��'�3�$PDOQHUNDUD��%�%�.DOHD�HW
DO���0DWHU��5HV��%XOO������������������

� ���$�+XLJQDUG�� 7�*DFRLQ�� -�3�%RLORW�� &KHP�
0DWHU�������������������

� ���0�<X��-�/LQ��=�:DQJ�HW�DO���&KHP��0DWHU����
�������������

� ���$�+XLJQDUG��9�%XLVVHWWH��$�&�)UDQYLOOH�HW�DO��
-��3K\V��&KHP��%��������������������

����.�5LZRW]NL�� 0�+DDVH�� -��3K\V��&KHP��%�� ����
�������������

����$�+XLJQDUG�� 9�%XLVVHWWH�� *�/DXUHQW� HW� DO��
&KHP��0DWHU�������������������

����1�2�0FKHGORY�3HWURVV\DQ�� 9�.�.ORFKNRY�
*�9�$QGULHYVN\��-��&KHP��6RF���)DUDGD\�7UDQV��
����������������

����5�(�1HXPDQ��LQ�ERRN��:DWHU�LQ�'LVSHUVH�6\V�
WHPV�� HG�� E\� %�9�'HU\DJLQ� HW� DO��� .KLPLD�
0RVFRZ���������S�����>LQ�5XVVLDQ@�
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